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Abstract

CO2 concentration in the atmosphere has soared since the industrial era owing to the rapid and un-
abated increase in fossil fuel consumption globally. This has resulted in an increase in global average
temperature by ≈ 1.1 oC in this period; and has sparked the concern of climate disaster events across
the globe. In order to tackle the issue of climate change, research into Carbon dioxide removal (CDR)
technology such as Carbon Capture and Storage (CCS) and Carbon Capture and Utilization (CCU) has
gained prominence.

Zero Emission Fuels (ZEF) B.V is a technology startup based in Delft, working on the CCU pathway
for CDR. ZEF is developing micro plants to capture CO2 and H2O from the atmosphere using Direct
Air Capture (DAC) system. The captured CO2 is then compressed to 50bar using compressor system
(FM) while H2O is split electro-chemically to H2 at 50bar. This high pressure CO2 and H2 are then used
to produce methanol. The energy for the whole process is derived from the sun, making the entire
process sustainable and emission free.

ZEF’s micro-plant will derive its raw materials i.e. CO2 and H2O, from the environment. Thus, variation
in the environmental conditions, i.e., humidity, temperature and solar radiation (external disturbances
for the system), will affect the overall system output. Current work focused on design of control scheme
for the integrated DAC and CO2 compression system, which will be able to meet ZEF’s performance
target. The effect of variation in solar radiation was not considered for this work.

At first the performance parameters for the various sub-systems of integrated DAC+FM system were
identified. With this information, the operating scenarios and the process constraints for the system
were identified.

Then, models for the sub-systems of the DAC and compressor system, i.e., Absorber, sump, desorber,
flash tank and compressor system were developed. Parts of the model, i.e., the desorber and flash
tank, were validated using experimental setup developed by integrating the existing DAC prototype at
ZEF with a representative compression system.

The main target of the experimental setup was to develop control scheme to maintain the pressure of
the flash tank to required target levels. Through multiple iterations, the final layout and control system
for the integrated setup was identified which was able to control the pressure of the flash tank at the
target level.

Finally, a control scheme for DAC production control was developed based on the steady-state output
from the desorber model. Through this, the feed and power (heat) input to the desorber is varied to
control the production of CO2 and H2O.

The system model developed as part of this work can be further used as a tool by ZEF to integrate
different sub-systems, test the performance of different sorbents, and assess the viability of different
control schemes for the integrated system.
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1
Introduction

In this chapter, the issue of global warming and climate change is briefly explained including the major
causes and their consequences. This is followed by short description of some mitigation strategies and
through them the motivation for this thesis is discussed. Lastly, the research objectives and scope is
defined and the chapter concludes with the research methodology and outline.

1.1. Climate Change
Earth’s climate has undergone many changes throughout its history with alternating periods of cold
and hot weather. This cyclic change which occurs over time scale spanning thousands of years is
attributed to small changes in earth’s orbit which affects how much solar radiation earth receives[1].
However, since the late 18th century, there has been constant warming up of earth’s atmosphere and
the rate of increase is unprecedented [2]. This rise in global temperatures, has altered the earth’s
climate adversely resulting in warming up of land, air and oceans. Apart from global warming, other
catastrophic events such as shrinking of glacial ice covers, ocean acidification and extreme weather
events are also being observed more frequently all around the globe.

There is unequivocal evidence that this rise in temperature is directly linked to increase in greenhouse
gas emissions with CO2 being the major contributor[3]. The same is shown in Figure [1.1a] and [1.1b]
below.

(a) Global Temperature Rise [2] (b) CO2 is the main driver of climate change [3]

Figure 1.1: Climate Change and contribution of CO2

1.2. Combating Climate Change
In the last decade, since the effects and threat of global warming has become more and more evident,
global concerted efforts to tackle the issue have gained momentum. Paris Climate accord was the
landmark agreement signed by 192 countries in 2015 [4], where the countries around the globe pledged
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to take concrete steps to limit the temperature rise to 1.5oC as compared to pre-industrial levels. As
per this agreement, a reduction in CO2 emissions by 45% to 2010 level will be accomplished by 2030,
followed by a net zero CO2 emission target by 2050.

1.2.1. Mitigation

In order to meet the Paris Agreement targets, a plethora of technology needs to deployed concurrently.
Carbon Dioxide Removal(CDR) or Carbon Capture, is one such technology which can gained a lot of
popularity in the recent years.

• Carbon Capture Technology

– CarbonCapture and Storage (CCS) involves capturing CO2 and then transporting & storing
it at suitable geological location such as underground pits or ocean beds so that it doesn’t
re-enter the atmosphere.

– CarbonCapture andUtilisation (CCU) involves converting the captured CO2 into other use-
ful products such as fuel or raw material for other chemical process. Synthesis of Methanol,
linear and cyclic carbonates, carboxylic acid etc., are some of the popular applications of
captured CO2 [5].

Recent study by Kleijne et al.[6] has showed that very few CCU technologies are currently compatible
with requirements of Paris climate accord. Although CO2 captured in CCU and CCS are same, the
emissions involved in CCS are lower than most CCU technologies, because the CO2 captured by CCU
is ultimately released back (at different time scales depending on product). The main takeaway from
this study is that for CCU domain, focus should be on the development of technology which can achieve
net zero carbon emissions.

Direct Air Capture (DAC) coupled with utilisation and powered by renewable energy is one potential
solution which checks all the boxes for an ideal carbon capture technology. The current thesis, being
undertaken at Zero Emission Fuels (ZEF) will focus in this direction.

1.3. Zero Emission Fuels (ZEF) B.V
ZEF is working on developing modular chemical plants which will take up CO2 and H2O from the atmo-
sphere and convert it into Methanol using solar energy.

The ZEF micro-plant is split into 5 sub-system as shown in Figure 1.2 below:

Figure 1.2: ZEF: Micro Plant

The current thesis pertains to designing a control system for dynamic, safe and efficient operation of
the DAC+FM system. In the next section, the performance specifications for the DAC and FM system
is discussed which will give an insight into the research objectives for the project.

2
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1.3.1. Direct Air Capture System

The main goal at ZEF is to develop micro-plants capable of producing 2000g of methanol/day. How-
ever, the system being powered through Solar power has an inherent limitation of intermittent power
availability of ∼ 7 sun-hours per day.

After extensive research on multiple DAC configurations, ZEF has developed an absorption based
continuous DAC process using liquid amine as sorbent. The current system has two main sections,
absorber and desorber. In the absorber, air flows counter-current to vertically falling liquid amine sor-
bent through which CO2 and H2O are absorbed in the sorbent. This sorbent then goes to the desorber
column, where it is heated up to release the captured CO2 and H2O. The desorbed sorbent is recycled
back to the absorber to complete the continuous process. Figure 1.3 shows a representative schematic
of the current DAC system at ZEF.

Figure 1.3: Schematic of DAC setup at ZEF

The desorbed CO2 and H2O from the desorber, then go to the DAC Flash tank. In the flash tank, the
CO2 leaves at the top as vapour and goes to the FM, while the liquid H2O goes to the AEC sub-system.

For the Methanol synthesis reaction 1.1, to produce 1 mol of Methanol, 1 mole of CO2 and 3 mole of
H2 is required. While the electrolysis of 1 mol H2O 1.2, produces 1 mol H2. This forms the target for
CO2 and H2O to be captured by the DAC system 1.1.

CO2 + 3H2 ⇌ CH3OH+ H2O (1.1)

2H2O(l) → O2(g) + 4H+(aq) + 4e− (1.2)

3
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Product Specification

The target performance specifications for the ZEF DAC sub-system are given in Table 1.1:

Table 1.1: DAC Design Specification

Parameter Design Specification Remarks

Methanol Production 2000 g/day 62.5 mol/day ZEF Target

Production Rate of CO2 2750 g/day 62.5 mol/day
For 2000g Methanol production

Production Rate of H2O 3375 g/day 187.5 mol/day

Optimum CO2:H2O ratio 1:3 Ratio of CO2:H2O

Desorber Operating Pressure Atmospheric Pressure (∼ 1bar) Operation at atmospheric condition

Desorber Operating Temperature ≤ 120 °C Sorbent thermal degradation limits

Energy consumption <400 kJ/mol CO2* ZEF Target

*The current energy target for CO2 capture at ZEF is comparable to existing DAC technology across the
globe. Climeworks and Global Thermostat are DAC companies that use solid sorbent-based DAC sys-
tems. The energy consumption per mol of CO2 captured, is ∼ 360kJ and ∼ 250 kJ for Climeworks and
Global Thermostat respectively [7],[8]. Carbon Engineering, on the other hand, uses a liquid sorbent
(KOH) DAC system which consumes ∼300 kJ energy for every mol of CO2 captured [9].

1.3.2. Fluid Machinery System

FM sub-system at ZEF performs two main functions, dehumidification of CO2 stream and compression
of dried CO2 to 50 bar. A schematic representation of the FM sub-system at ZEF is shown in Figure [1.4]
below (in the figure only 1 compressor is shown, although in the final design more than 1 compressor
may be implemented):

Dehumidification :
CO2 captured through the DAC sub-system is sent to the FM section through the DAC Flash tank. This
CO2 stream can contain a significant fraction of water (up to ∼ 5% depending on operating tempera-
ture [10]), which can be detrimental to the lifetime of pipelines, compressors, and lubricants used in
compressors. Currently, the drying system based on cooling separation and silica gel-based adsorption
separation is under investigation at ZEF. Based on the results of prototype testing the final configuration
will be decided.

Compression System:
The dried CO2 stream is then sent to the compressor system, which compresses it to the pressure of
50-55 bar. The compressed CO2 is stored in the buffer tank, through which it is supplied to the MS
sub-system.

The target performance specifications for the ZEF FM sub-system and specifications for the compressor
being used at ZEF are given in Table 1.2 and 1.3 below:
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Figure 1.4: Schematic of FM sub-system at ZEF

Table 1.2: FM Design Specification

Parameter Design Specification Remarks

CO2 Flow rate 2750 g/day ZEF Target

CO2 Pressure 50 bar ZEF Target

Water Content <2% RH Lubricant Safety requirement

Energy consumption: Compression <1.06 MJ/kg CO2 ZEF Target

Table 1.3: Compressor specification

Parameter Description Value Unit

Vcmpr Compressor Cubic Capacity 2.8E-6 [m3stroke−1]

Nmin Minimum compressor speed 1800 [rpm]

Nmax Maximum compressor speed 4500 [rpm]

1.4. Aim of the Thesis
The main objectives of the thesis can be split into the following parts:
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• Identification of parameters that will affect the input and performance of the integrated DAC+FM
system at ZEF.

• Identification of operating scenarios and the associated process constraints for the integrated
system.

• Developing a model and simulation environment for the integrated system to design control
schemes for efficient operation of the system.

• Experimentally validate the identified control schemes on the integrated experimental setup being
developed at ZEF.

1.5. Research Questions
The main research question for the thesis is as below:

1. What is the optimum control strategy for the operation of DAC+FM system which meets
the ZEF’s requirements?

In order to answer this research question, the following sub-questions were identified which will
help answer the main research question.

(a) What parameters influence the performance of the DAC+FM system and their effect on each
sub-system?

(b) What control strategies can be used to ensure ZEF target performance levels are met for
the operating scenarios identified above?

(c) What is the optimum control strategy for the operation of the DAC+FM system which meets
the ZEF’s requirements?

1.6. Thesis Approach
1.6.1. Research Scope

The field of DAC and work being done at ZEF is novel and thus the research areas can be endless.
Hence it is essential to define the scope of this research.

• The control schemes developed will focus on the dynamic behaviour of DAC and FM sub-system
only and the effect on other sub-systems will not be considered.

• The technology to be used for the drying system for CO2 captured by the DAC system is still
evolving at ZEF. Hence for this thesis, the effects and dynamics of the drying system will not be
covered. Further, for the integrated system model which will be developed as part of this thesis,
the CO2 captured by the DAC system will be assumed to be completely dry before it enters the
compression system.

• ZEF’s DAC desorber section will be operating at atmospheric pressure. Hence control schemes
involving pressure control of DAC section will be limited to atmospheric pressure.

• The sorbent used in DAC system is determined by sorbent selection team at ZEF to meet the per-
formance targets. The sorbent used for the systemmodelling and experimental validation will use
the composition decided by ZEF. Similarly, the Compressor system used for CO2 compression,
will be decided by ZEF and their selection will not be a part of the thesis.

• For this work, the impact of variation in solar power on system dynamics has not been covered.
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• Lifetime and cost analysis of the system will not be covered in this thesis.

1.6.2. Methodology

The thesis approach is depicted in 1.5. In order to design a control scheme for efficient operation under
dynamic operating conditions, it was necessary to first understand the unit operation of each part of
the sub-systems. To this end, a review of existing literature was done for liquid amine-based Direct Air
Capture systems and CO2 compression system.

Through this literature review the first research question will be answered and the necessary back-
ground knowledge for modelling the integrated system will be acquired.

Post this, modelling and setting up the workable simulation model of the integrated system will be done.
For this, a model of individual sub-components will be made on SIMULINK and the same will be then
integrated to get the final model. This work will be used to answer the second research question and
will also help to design the experiments to validate the developed model.

The experiments to validate the integrated model will be performed. Once the model is validated, then
system performance through the model will be simulated for the dynamic operating conditions and
through this control schemes will be developed.

Figure 1.5: Thesis Overview
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2
Background

This chapter covers the background information which was required to bring the entire project to its
fruition. In the first section, an overview of carbon capture technology is provided which is followed
by description of DAC in the next section. In the next section, Dehumidification system is discussed,
which includes drying requirement for the system, CO2 drying technologies and lastly rolling piston
compressors, their working, dynamics and modelling requirements are discussed.

Figure 2.1: Schematic of the Background chapter
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2.1. Carbon Capture
Carbon capture technologies can be sub-divided on the basis of source of carbon capture and the end
use of the captured carbon. The latter was discussed in section 1.2.1. On the basis of source of carbon
capture, it can be classified into two broad areas as shown in Figure [2.2] below. The current thesis will
focus on the DAC technology.

Figure 2.2: Carbon Capture Technology can be classified into Point source and Direct Air Capture on the basis of source of
Carbon Capture

Point source carbon capture involves capturing CO2 directly from the source of emission, where the
concentration of CO2 in flue gases is high (∼ 10-15%). This makes the overall process less energy
intensive than DAC technology where concentration of CO2 is very low. [11]. However, point source
capture technology cannot capture CO2 from distributed sources such as transport, buildings etc., which
contributes ∼ 52% to total global emissions.

2.2. Direct Air Capture
Direct Air Capture (DAC) removes CO2 directly from the atmosphere and enables CO2 capture irre-
spective of the source of emission. However, the low concentration of CO2 in air (∼0.04%) makes it
challenging to develop an economical DAC process which can ensure high CO2 capture.

2.2.1. Carbon Capture Method

The most prominent methods for direct air capture of CO2 are Adsorption and Absorption. However,
the most efficient method can vary based on scale of emission, pressure, temperature etc.,[12]. The
same is shown in Figure [2.3] below.

Figure 2.3: CO2 separation Methods

Most DAC technology are based on chemical absorption or adsorption to capture CO2. Atmospheric
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air is made to flow through sorbents usually impregnated with amines or other sorbents which can
capture CO2. DEA (Diethanolamine), KOH (Potassium Hydroxide) etc., are some of the commonly
used sorbents used in DAC systems across the globe [7].

DAC technology based on chemical absorption can be further sub-divided into two main groups based
on the type of sorbent being used as shown in Figure [2.4] below. Current work will focus on liquid
amine based chemical absorption system for capture of CO2 from atmosphere.

Figure 2.4: Sorbent used for Carbon capture can be further classified into Solid and Liquid Sorbents

2.2.2. Liquid Amines for Carbon Capture

Amines are organic derivatives of ammonia. They are classified as primary, secondary, or tertiary
depending on whether one, two, or three of the hydrogen atoms of ammonia have been replaced by
organic groups [13]

Absorption of CO2 in Amines

In order to design the control scheme for the desorber, it is also necessary to understand the absorption
process so that the dynamics of sorbent loading is known.

Absorption of CO2 in liquid amines in an exothermic process and thus is more favourable at lower
temperatures. The absorption process can be described in the following steps [14] below:

1. Diffusion of CO2 from the bulk of the gas to the gas-liquid amine interface. The same can be
described by Fick’s law of diffusion as given in equation 2.1 below.

J = −D
dca
dz

(2.1)

where:

J: Diffusion Flux
D: Diffusivity
dca
dx : Concentration of gradient of species ’a’ along length x

2. Physical dissolution of CO2 in the amine. The same can be explained using Henry’s law as given
in equation 2.2 below.

Hgas =
cgas
pgas

(2.2)

where:
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Hgas: Henry’s constant
cgas: Solubility of gas
pgas: Partial pressure of gas

3. Reaction of CO2 with the amine. Primary and secondary amines react with CO2 to form carbamate
via zwitter ion formation while tertiary amines react with CO2 to form bicarbonate. For the reaction
of CO2 with primary and secondary amines, 2 moles of amine are required per mole of CO2 while
for tertiary amine the 1 mole of amine absorbs 1 mole of CO2. The heat of regeneration of CO2
from primary amine is higher than for tertiary amines; this is because the heat of reaction of
bicarbonate formation is lower than carbamate formation [15].

4. Diffusion of reacted CO2 with the amine. The same can be described by Stokes-Einstein equation
which in given in equation 2.3 below. This equation is valid for fluid with low Reynolds number
[16].

D =
kBT

6πµr
(2.3)

where:

D: Diffusivity
kB : Boltzmann constant
T : Temperature of fluid(K)
µ: Dynamic viscosity
r : Radius of particle

The DAC system at ZEF uses a tertiary amine, TEPA (Tetraethylenepentamine) as the sorbent. It was
selected after extensive research and experimentation on the basis of its high carbon absorption rate,
equilibrium solubility of CO2 and viscosity [17],[18].

Desorption of CO2

Desorption of CO2 is an endothermic process and thus is more favourable at higher temperatures.
Previous work by Ovaa et al. [18] showed that desorption of CO2 from liquid amine (TEPA) is more
favourable at higher temperature and lower pressure. However, in the current thesis, the desorber
operation will be performed at atmospheric pressure. Operating at atmospheric pressure reduces the
usage of valves and purge systems to maintain system pressure which greatly simplifies the overall
system operation.

The desorption of CO2 from the amine can be described as the inverse process of absorption as de-
scribed in section 2.2.2. At first, the bicarbonate/carbamate formed during absorption is converted back
to CO2 and the amine is regenerated. Then, the CO2 diffuses to the interface of sorbent-gas due to
concentration gradient. Once the latent heat required to vaporise CO2 is reached, CO2 escapes into
vapour phase and the desorption process is completed. [14]

2.2.3. Energy Requirement for Desorption

The energy target for CO2 capture in ZEF system is ≤400 kJ/mol of CO2 [1.1]. Hence a model which
accurately predicts the dynamic energy requirement of the desorber is essential to optimally control
the desorber system. For the same, knowledge of all energy demands of the system is essential. The
energy requirements of the desorber can be sub-divided as shown below.

• Sensible Heat: It is the energy required to heat the rich sorbent entering the desorber to target
desorber temperature. It is calculated as below 2.4
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Qsens = ṁ · cp (Tdes − Tfeed) (2.4)

where:

Qsens: Sensible heat
ḿ : Feed flow rate
cp: Specific heat
Tdes: Desorber temperature
Tfeed: Feed temperature

• Energy for desorption: The energy required for desorption can be further split into the heat of
desorption of CO2 and H2O from the sorbent.

Dowling et al. [19] estimated the heat of desorption of CO2 using the Clausius-Clapeyron relation
[20]. The experimental data for different CO2 and H2O loadings in TEPA were used to obtain the
heat of absorption using equation 2.5 below. The heat of absorption of H2O can be determined
in similar manner.

ln
(
P2

P1

)
=

∆Habsorption

R

(
1

T2
− 1

T1

)
(2.5)

where:

Pi: Pressure at state i
Ti: Temperature at state i (K)
Habs: Heat of absorption
R: Universal gas constant

• Heat of Vapourisation: This is the energy required to vapourise H2O from the sorbent. Previous
work by Sinha et al. [17] determined the heat of vaporisation of H2O for different TEPA loadings.
The heat of vapourisation of TEPA-H2O mixture was found to be higher than for pure water.

• Energy for water reflux: The ratio of H2O to CO2 in vapour form, obtained from the desorber can
also be varied by introducing reflux of water back to the desorber. Increasing reflux increases the
water content in the desorber and thus will increases the sensible heat and vapourisation heat
demand. This will increase the overall energy consumption of the desorber and hence the same
needs to be modelled in the energy demand for the desorber.

• Heat Losses: Depending on the size and thermal gradient in the desorber column, the heat
losses to surrounding can be significant. The same needs to be described in the system model
to make sure energy demand is accurately determined.

Figure 2.5: Energy requirement in the desorber consists of 5 components: sensible heat, heat of desorption, heat of
vaporisation, energy for reflux and heat losses from desorber
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2.2.4. VLE

In order to model the desorption of CO2 and H2O from the desorber and subsequent separation in the
flash tank, understanding the vapour-liquid behaviour of the system is required. The interaction of CO2
and H2O in gas and liquid phase in the system can be described using the concept of Vapour-Liquid
Equilibrium.

The co-existence of liquid and vapor phase of a pure substance or a mixture in equilibrium with one
another is referred to as Vapour Liquid Equilibrium (VLE). For a mixture of two components, using the
phase rule [20] given in equation 2.6 below we get that we have two degrees of freedom, i.e., for any
given Temperature (T) and Pressure (P) the liquid mixture will be in equilibrium with the vapour mixture
and thus the composition of the mixture can be calculated.

f = c− p+ 2 (2.6)

Where f=Degree of freedom, c=Number of components and p=Number of phases

For an ideal mixture, the equilibrium between the liquid and vapour phase can be defined using the
Raoult’s law [20] given below (2.7

yi · PTot = xi · P sat
i (2.7)

where:

yi: Vapour fraction of component i
xi: Liquid fraction of component i
PTot: Total system pressure
Psat
i : Saturation pressure of component i

To further describe the system behaviour, concept of phase-equilibrium ratio, also called the K value
is defined as equation 2.8 below is used. The K value of the species, expresses the tendency of the
component to vapourise. For ideal mixtures, equation 2.7 can be written as equation 2.8 below.

Ki =
yi
xi

=
P sat
i

PTot
(2.8)

Where Ki = K value of component i

Here, K value only depends on P sat
i and PTot and thus is a function of only T and PTot. However for the

non-ideal mixture, K value also depends on the composition of the mixture and is given by the following
equation 2.9 [20]:

Ki =
γL
i

ϕV
i

P sat
i

PTot
(2.9)

Where:

γL
i : Liquid phase activity coefficient component i

ϕV
i : Vapour fugacity coefficient of i

VLE for TEPA-H2O-CO2 mixture

The desorber of the DAC system at ZEF involves desorption of CO2 and H2O from the mixture of
TEPA-CO2-H2O mixture. So, in order to understand the behaviour of the system, Dowling et al.[19]
performed VLE experiments on the mixture. Further, using the experimental results, Dowling et al. [19]
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built a model to predict the VLE behaviour of TEPA-H2O-CO2 mixture for different Temperature and
Pressure conditions. Figure 2.6 shows the model vs experimental results for the VLE of TEPA-H2O-
CO2 mixture.

Figure 2.6: Experimental VLE data of the equilibrium CO2 absorption in an aqueous solution of 30 wt% TEPA at 313.15,
353.15 and 393.15 K versus the ternary TEPA-H2O-CO2 model prediction [19]

The model developed by Dowling et al.[19], uses on Special Ion interaction Theory (SIT) which works
on activity co-efficient theory and is an extension of Debye-Huckel law [19]. The decision to choose
SIT to build the VLE model was based on the work of Puxty et al. [21] which showed that SIT described
the VLE behaviour of amines such as MEA, AMP etc., even for high concentrations (10 Molar) in a very
good manner, at par with much more complex models such as e-NRTL and e-UNIQUAC [21].

Vapour Curve for H2O-TEPA mixture

Dowling et al.[19] also performed experiments to determine the VLE behaviour of H2O-TEPA mixture.
The experiments results were then used to develop a VLE model of H2O-TEPA mixture using modified
Raoult’s law andWilson activity co-efficient equation. Figure 2.7 shows the comparison between model
and experiment results for H2O-TEPA mixture.

Figure 2.7: Comparison of experimentally obtained equilibrium pressure of binary mixtures of TEPA and H2O 30, 70 and 80
wt% TEPA and pure water as a function of temperature, to the prediction of the H2O-TEPA VLE model [19]

Using the VLE models of TEPA-H2O-CO2 and H2O-TEPA mixture described in section 2.2.4 above,
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the cyclic loading of desorber for given pressure and temperature at absorber and desorber can be
predicted.

2.2.5. Dynamics of DAC Desorber

In order to design a control system for efficient and safe operation of the system, it is imperative to
understand the parameters which impact the system performance. As briefly discussed in section 1.4,
the environmental fluctuations in temperature, humidity and solar radiation greatly influence the system
productivity and efficiency. Moreover, the transient behaviour of the desorber column during system
operation such as Start-up, shut-down and desorption kinetics also impact the system performance.

Broadly, the dynamics of the desorber can be split into two main sub-sections:

• External Disturbances This includes fluctuations in environmental conditions like Ambient tem-
perature, humidity, solar radiation etc. These variations can directly impact the system perfor-
mance as described below:

1. Ambient Temperature: Absorption of CO2 into liquid amine is an exothermic process and
thus is will be favourable at low temperatures [22], [23]. In order to determine the temperature
dependence of CO2 absorption in TEPA, Dowling et al. [19] performed VLE experiments and
developed a model to determine the rich loading of CO2 in the absorber section of DAC for
different operating temperatures and TEPA loading.
Moreover, viscosity of the sorbent is also affected by the temperature and CO2 loading in
the sorbent. With increase in temperature the viscosity goes down while with higher CO2
loading the viscosity goes up [24],[25].
Viscosity of the sorbent impacts the power required to pump the sorbent in the system and
also impacts the mass transfer rate, as can be seen from equation 2.1 and2.3. This affects
the overall system efficiency.

2. Humidity: The humidity level in the atmosphere, directly impacts the H2O loading in the
sorbent. Mulder et al. [26] found that the equilibrium water loading in the sorbent increases
with increase in absolute humidity in the atmosphere. Further, increase in H2O loading in
the sorbent, also reduces the sorbent viscosity which as mentioned previously affects the
power requirement and mass transfer rate in the sorbent.

3. Solar Power: The power required to drive ZEF’s micro-plant is derived from Sun. Hence,
any fluctuation is solar power input will affect the plant performance. Figure[2.8] below shows
the hourly variation in solar power for a week for different months of year 2020 over Bechar,
Algeria [27] (representative of Sahara climate). It can be seen from the graph that varia-
tion in solar radiation has both daily and seasonal component and hence the same needs
to be factored in while designing the control scheme for the plant. Moreover, the different
sub-systems of ZEF 1.2 have different power requirements 2.9 and hence based on the avail-
ability, the distribution of power across sub-systems will have to be optimised for maximum
efficiency of the plant.

• Internal variables: This includes factors which affect the system performance but are internal
to the DAC system. Some of these factors such as Desorber temperature, Reflux ratio etc., are
process variables which can be varied as an input variable while other factors such as Sump
volume, Number of stages in the desorber are fixed design parameters which cannot be varied
as part of control scheme for the system.

1. Desorber Temperature: Lean loading of CO2 in the desorber will decrease with tempera-
ture. This implies that higher desorber temperature will increase the amount of CO2 des-
orbed at the desorber. However, the temperature cannot be increased indiscriminately as
thermal degradation of sorbent 2.2.6 needs to be kept in consideration. [C]
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Figure 2.8: Variation in Solar power available at Bechar, Algeria (Sahara climate) for a week over different months in 2020. [27]

Figure 2.9: Power requirement of different sub-systems at ZEF

2. Desorber Pressure The partial pressure of H2O in the desorber depends on the desorber
temperature and sorbent loading. Hence, assuming a constant temperature in desorber, the
variation in pressure will impact the CO2 desorbed and thus will impact the production and
efficiency of the system. [C]

3. Reflux Ratio: The reflux ratio can be altered to vary the H2O outlet from the desorber.
Increasing the reflux will increase the H2O in the outlet from the desorber, however the
energy demand also increases asmore water needs to be vapourised in the desorber. Hence
an optimisation of the reflux is required if and when the same is used.

4. Start-up of Desorber The entire micro-plant works on solar power and hence the entire
system needs to be shutdown when the solar energy is not available after sunset. This
implies that the energy and time required to startup the desorber determines how quickly the
production can be started the next day and how the power available needs to be distributed
to ensure system can be efficiently switched on. Previous work by Dubhashi et al. [27]
estimated the effect of external disturbances on startup requirement of the desorber column.
Figure[2.10] shows the time and energy fraction required for desorber startup for two different
climatic conditions, Sahara and Mediterranean over different months of the year. While
designing the control scheme for the integrated system, the dynamics for desorber startup
will be incorporated.

5. Desorption Kinetics: Other parameters which affect the dynamic behaviour of the desorber

16



2.2. Direct Air Capture CONFIDENTIAL

(a) Energy fraction required for desorber column startup (b) Time fraction required for desorber column startup

Figure 2.10: Monthly energy and time fraction required for Desorber startup for different climatic conditions [27]

column output is the kinetics of desorption reaction. The time required to desorb CO2 and
H2O from the rich sorbent to the target lean concentrations affects the system output and
efficiency. Previous work by Poll et. al [26] showed how the hold-up time, which is defined
as the time a reactant/substance spends in the reactor expressed as given in 2.10 required
to reach different lean loading for different operating conditions. [C]

Hold-up Time =
Volume of vessel

(
m3

)
Net volume flow rate from vessel (m3/s)

(2.10)

2.2.6. Amine Degradation

Amine degradation in the presence of O2, CO2 etc., are a major deterrent in chemical absorption pro-
cess for CO2 capture. Degradation of amines results in the formation of a range of compounds that
inhibit the carbon capture capacity of the amine and decreases the overall efficiency of the DAC pro-
cess [28]. The target at ZEF is to ensure that the sorbent degradation should not reduce CO2 output
by ≥ 20% of the target output over a period of 4 years.

Amine degradation in DAC systems is primarily of 3 types as shown in Figure [2.11] below.

Figure 2.11: Amine degradation can be broadly classified in oxidative, CO2 induced thermal degradation and thermal
decomposition

1. Thermal Decomposition: becomes prominent at temperature ≥ 200oC and hence will not affect
the current system where the maximum temperature in the DAC will be limited to 120oC in the
desorber [1.1].

2. Oxidative Degradation Based on literature review [28], [29] and ongoing research at ZEF, the
parameters which affect oxidative degradation are described below. The same is also shown in
Figure [2.12]:

• Temperature: Higher temperature → Higher rate of degradation
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• CO2 concentration: Presence of CO2 reduces the degradation; however the degradation
is not affected by the concentration of CO2. At 0% CO2, degradation is maximum.

For the current system, oxidative degradation is relevant as interaction of amine with O2 in
the absorber section is not avoidable.

Figure 2.12: Oxidative Degradation in affected by CO2 loading in the amine and Temperature

3. CO2 induced thermal degradation is impacted by the following parameters [30],[31] which are
also shown in Figure [2.13] below:

• CO2 loading: Degradation increases linearly with CO2 concentration. However, in case of
no CO2 in the sorbent, there is no thermal degradation even at 140 o C [32].

• Temperature: Degradation increases exponentially with temperature; however the effect
becomes prominent only at temperature > 100 o C.

• Water/Diluent Loading: It is expected that presence of water/diluent in the sorbent should
reduce the degradation. However, current research at ZEF was not conclusive on its im-
pact of on degradation, thus more research is required to conclusively determine effect of
water/diluent loading on amine degradation.

• Residence Time: The amount of time the sorbent spends in the desorber, where it is ex-
posed to higher temperature will also impact the degradation. Longer the exposure time to
high temperature, higher will be the degradation.

Figure 2.13: Thermal Degradation in affected by CO2 loading, Temperature and Water/Diluent content in the Amine

2.3. Dehumidification System
2.3.1. Dehumidification requirement

Dehydration of CO2 is required to lower the water content which may be detrimental for the CO2
pipelines and compressors [33]. However, at present there is no consensus on the maximum limit
of water level in CO2 stream to avoid corrosion of downstream components [34],[35]. This is mainly
because the solubility of water in CO2 will depend on the concentration of the other impurities. [36].
Hence at the outset, it is essential to first determine the maximum water content which can be allowed
in the ZEF FM system. The same is covered in the next section.
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2.3.2. Maximum H2O content in system

CO2 and H2O which is desorbed by the desorber in DAC, are required to be separated out to ensure
purity of CO2 gas which will be used for further processing in units downstream to DAC. This separation
is achieved using a Flash tank as the fluids and the separated vapor is then sent to the FM sub-system
for further processing as seen in Figure 1.4 in section 1.3.2.

If this vapor from DAC flash tank is sent directly to the compressors and compressed to 50 bar pres-
sure, then it can result in condensation of this water (depending on the fraction of H2O in the vapour).
The system was simulated in COCO simulator for feed with fixed H2O:CO2 ratio od 3:1, to estimate
the fraction of water in the flash tank vapour. The simulation results are shown Figure 2.14 below
respectively.

Figure 2.14: COCO simulation results showing variation in the fraction of water in vapor phase of DAC Flash tank with
temperature

It can be seen from the simulation results in Figure [2.14], that for flash tank operation at 1bar and
20-50oC, water fraction can be as high as ∼ 5% of total mass fraction. This mixture when compressed
to 50 bar will result in condensation of water.

This condensed water can be harmful for the FM and subsequent downstream systems in the following
ways:

• It can lead to corrosion of pipelines and the compressor components.

• It can combine with the lubrication oil of the compressor to form emulsion which will be adversely
effect the lifetime of the compressor.

• It can form CO2 hydrate which can clog the pipelines and affect plant operations.

The maximum water content of the CO2 stream depends on the factors described in section 2.3.2
below.

Corrosion Resistance of transportation pipes and compressor components:

Based on literature focusing on CO2-H2O system for corrosion performance was reviewed. Based on
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the review, H2O concentration ≤ 1000 ppm in CO2 rich phase (CO2-H2O system), is sufficient to limit
corrosion in Carbon steel pipelines and components to ≤ 100 µm/year [37],[33].

Thus, for Corrosion prevention in pipelines, ≤1000ppm H2O in CO2 is sufficient

Hydrate Formation Prevention:

Hydrates are solid crystalline compounds which can form in the presence of both free and dissolved
water. CO2 in the presence of water, can form structure type I hydrates in pure CO2 and structure type
II hydrates in a gas mixture [38].

For temperature ≥ -5oC, hydrate formation is possible for water content ≥ 1000 ppm (C). This implies
that in terms of hydrate formation prevention, water content limit for FM system is ≤ 1000ppm.

Lubrication Water content

The lubricant used in compressor has its absolute water content, which is the maximum solubility of the
water in the lubrication oil. If water concentration, exceeds this value, then ’free’ water will be present
in the system which can combine to form emulsion with the lubricant. ZEF’s compressor uses the
Hydraulic oil DIN 51524 HVLP (manufactured by Kroon Oil B.V). For this particular lubricant, absolute
water content is 500ppm [39] , which means that maximum water content to maintain lubricant lifetime
is ≤ 500ppm.

Thus, the maximum water content in the CO2 stream for the current setup is limited by Lubrication Oil
Limit and should be ≤ 500 ppm.

In the ZEF system, the water content is measured in terms of Relative Humidity (RH). So, for different
operating temperatures, the water content for different RH values is calculated [40] and plotted as
shown in Figure[2.15] below. It can be inferred from the graph for operating temperature below 100oC,
RH value of ≤ 2% , is sufficient to meet the system requirements of ≤ 500 ppm water content.

Figure 2.15: Water Content (ppm) vs Temperature for different RH values. RH value of ≤ 2% is sufficient to meet the system
requirements of ≤500ppm water content
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2.3.3. CO2 Drying Technology

In order to dehumidify the CO2 different types of technology are available as shown in Figure [2.16]
below.

Figure 2.16: Technology used for CO2 drying

Drying using Cooling/Refrigeration, Supersonic separator and Joule Thompson valve are not suitable
for current system as their operation is complex and they involve large pressure drop and also prone
to hydrate formation due to low temperature operation.

Liquid Sorbent absorption with glycol as the sorbent, is used in many systems across the world for
Natural gas dehydration. However, glycol’s higher affinity for CO2 makes the system operation more
complicated and poses a risk of failure of CO2 production.

The solid desiccant based systems are simple to operate and work on adsorption of H2O on micro-
porous adsorbate such as Silica gel, Zeolites etc. Currently ZEF is in the process of finalising the
technology to be used for the drying system with prototype testing in progress; hence for this thesis
drying system has not been considered.

2.4. CO2 Compression
CO2 gas after processing by the dehumidification system then goes to the Compression system where
it is compressed to 50-55 bar pressure (see Figure [1.4] for FM system schematic of ZEF system). The
pressurized CO2 is stored in the CO2 buffer from where it is supplied to the MS reactor for Methanol
synthesis.

One of the major challenge in the design of the CO2 compression system at ZEF is the high pressure
ratio (PR(Pressure ratio)=50) coupled with low mass flow of CO2 (mCO2=∼392 g/h). In order to meet
this demand, previous research to determine the most optimum CO2 compression system was done by
Konning et al. [41]. The research concluded that compression system without lubrication was the most
suitable option for the system followed by an oil lubricated system. However, as no lubrication free
compressor system was commercially available, it was decided to proceed with oil lubricated system.
Further, for the mass flow rate and PR required, an oil lubricated rolling piston compressor was the only
option available in market. The current research will also focus on this compressor system. Figure[2.17]
shows cross-sectional view of a rolling piston compressor.

2.4.1. Rolling piston compressor

Rolling piston compressors have been around since the 1960s and is most widely used in room air
conditioner (RAC) systems [43]. The working of a rolling piston compressor can be seen in Figure[2.18]
below.

2.4.2. Compressor Dynamics

Compressor Leakages
The output and efficiency of compressor is largely affected by internal leakages due to clearances
in the compressor. Review of literature review on internal leakages and volumetric efficiency of rolling
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Figure 2.17: Cross-sectional view of a rolling piston compressor [42]

Figure 2.18: Working of rolling piston compressor. As the roller turns in clockwise direction, compressor starts suction of
refrigerant. At the same time, the pressure in the next section increases and once the discharge pressure is reached, then

discharge valve opens and high pressure refrigerant flows out. [44]

piston compressors [45], [46], [47] provided many insights into the leakage mechanisms and the overall
leakages that are present in rolling piston compressors.

Leakages: The internal leakages in a rolling piston compressor can be broadly attributed to the follow-
ing factors [46]:

• Radial leakage: This comprises of the leakage through the radial clearance between rolling
piston wall and cylinder wall. This is the major source of losses in the compressor and ∼60% of
total losses can be attributed to radial losses.

• Piston Face leakage: This includes the losses due to clearance between face of rolling piston
and head walls of the cylinder. This type of losses contributes ∼35% of total losses.

• Sliding vane leakage: Leakage through sliding vane can be from two clearances, one from the
clearance between sliding vane face and head walls cylinder and second through the leakage
between sides of sliding vane and side walls of chutes inside the cylinder.

The leakages described above can be seen the Figure[2.19] below:

Further work by Gashe et al. [47], found the total leakage losses to be ∼12-14% of the total mass flow
through the compressor. Based on these factors, for the purpose of this thesis, the leakage factor will
be considered to be 15% and the same will be used for the compressor modelling.

Compressor Response Time:
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Figure 2.19: The main leakage paths in a rolling piston compressor (Marked with red arrow in the figure). Radial Leakage and
Piston face leakage contribute ∼95% of total leakage losses in the compressor. Adapted from work by Cai et al. [46]

Compressor response time can be described as the time taken by the compressor to reach the defined
set-point speed. This is the physical lag which will be present in the system due to its inertia. The
same will be determined through experimentation on the ZEF test setup and will be incorporated in the
compressor model to account for the dynamic change in speed and in turn the volume, mass and mole
flow rate of the compressor.

2.5. Dynamics of integrated system:
Based on the system dynamics of DAC, drying and compression system as discussed in section 2.2.5
and 2.4.2, some of the main operating scenarios for the integrated system can be described as below:

• High Production: This would include operating scenarios in which the CO2 and/or H2O produc-
tion rate is higher than the target (as described in 1.1) such as during ramp-up of production,
increase in CO2/H2O loading in the sorbent etc. The possible operating scenarios and effect of
the operation on the system is shown in Table 2.8 below:

Table 2.8: Possible operating scenario for Integrated DAC+FM system: Higher production than target (1.1). The vapour flow
into DAC flash tank will be higher and thus the operation of drying and compression system will have to be adjusted to match

this increase in output from desorber

Scenario Possible operating conditions Effect of operation

High desorber output
than target

High mass flow into desorber

High vapour flow in
DAC flash tank

High H2O in sorbent:
High humidity
High CO2 in sorbent:
Low ambient temp.

High desorber temperature

• Low Production: This would include operating scenarios in which the CO2 and/or H2O produc-
tion rate is lower than the target (as described in 1.1) such as during ramp-down of production,
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during start-up/shut-down of system etc. The possible operating scenarios and effect of the op-
eration on the system is shown in Table 2.9 below:

Table 2.9: Possible operating scenario for Integrated DAC+FM system: Lower production than target (1.1). The vapour flow
into DAC flash tank will be lower and thus the operation of drying and compression system will have to be adjusted to match

this reduction in output from desorber
Scenario Possible operating conditions Effect of operation

Low desorber output
than target

Low mass flow into desorber

Low vapour flow in
DAC flash tank

Low H2O in sorbent:
Low humidity
Low CO2 in sorbent:
High ambient temp.

Low desorber temperature

• System behaviour after shutdown: Once the system is shutdown for instance at night, the
sorbent in the desorber will cool down. The CO2 and H2O desorbed after the system shutdown
will be again re-absorbed in the sorbent. This will reduce the vapour pressure in the desorber.
Resulting operational scenarios are shown in Table 2.10 below:

Table 2.10: After system shutdown sorbent in the desorber will cool down which will result in re-absorption of CO2 and H2O
desorbed after shut-down. This will reduce vapour pressure in the desorber which can result in drawing of air or sorbent into

desorber depending on whether the system is leak tight or not.

Scenario Effect of Operation

System shutdown
If no leakage in system:
Suction pressure in desorber

Sorbent drawn into Desorber:
Worst case spill-over to Flash Tank

If leakage in system:
Air drawn in desorber CO2 purity will be affected in subsequent operation

• Other operating scenarios include variation in availability of solar power and optimising the same
to ensure efficient plant operation. Such scenarios will be simulated on the integrated system
model which will be developed in the current work.

2.5.1. Control Schemes

The main aim of this thesis is the design of control schemes for efficient and safe operation of the
integrated DAC+FM system. The integrated system will be subjected to dynamic operating conditions
as seen in the dynamics of DAC (2.2.5), compressor (2.4.2) and the integrated system (2.5).

Some of the major control requirements identified by ZEF for the operation of the integrated system
under the dynamic conditions are summarised below:

• Pressure in the DAC flash tank should be maintained at atmospheric pressure (∼1 bar)

• The temperature of the re-boiler and sorbent in the desorber should not exceed 120oC.

For various process parameters such flash tank pressure, re-boiler temperature etc., different types of
controllers (C) can be used. The same will be decided based on simulation of operational scenarios in
the integrated system model to be developed in the current work.

2.6. Summary
• Through the literature research and previous work at ZEF [27],[10],[48], parameters which affect
the dynamic behaviour of the DAC desorber 2.2.5 and Compression 2.4.2 system were identified.
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Current thesis will build up on these findings to describe the dynamics of the integrated system.

• The modelling approach and the assumptions to describe the dynamic behaviour of the individ-
ual sub-systems were researched and the approach to be used for the system modelling were
identified. Experiments will be planned to validate the developed model and their underlying
assumptions.

• The interaction of the different sub-systems will result in different operational scenarios. Some
of the operating scenarios and possible control schemes for the same were discussed. Based
on the interaction of the DAC and FM system, more operational scenarios will be encountered.
Such operating scenarios and possible control schemes for the same will be identified through
this thesis.
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3
Modelling

This chapter covers the modelling work performed in this work. At first the DAC system model, which
consists of Absorber, Sump, Desorber and Flash Tank model are presented. Post this the FM system
model, which consists of Compressor model is described. In the final section, the integrated DAC+FM
system model is presented.

3.1. DAC Model
The working of the DAC sub-system has been explained in section 1.3.1 in Chapter 1. The next task
in the thesis was to develop a representative model of the same, so that the performance of the DAC
system can be simulated for various system disturbances (as described in section 2.2.5). For the same,
the DAC systemmodel was split into micro-models of different sections of DAC and these micro-models
will be integrated to get the final DAC model.

The various micro-models of the DAC are explained in the next sections of the chapter.

3.1.1. Absorber Model

The absorber model used in the current work is based on model used in the previous work at ZEF by
Dubhashi et al.[27]. The model does not delve deep into the mass transfer of CO2 and H2O into the
sorbent and uses experimentally obtained Space Time Yield (STY) curves for absorption of H2O and
CO2 into the sorbent. The schematic of the model is shown in Figure 3.1 below:

Figure 3.1: DAC Absorber Model
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Model Assumptions

The assumptions used in the Absorber model are as below:

1. It is assumed that the viscosity does not affect the STY of CO2 and H2O in the sorbent. The
viscosity is impacted by sorbent loadings which in turn will affect the mass transfer of CO2 and
H2O in the sorbent.

2. For the STY curve of CO2, it has been assumed that Clausius-Clapeyron [20] relation can be
applied to determine vapour pressure of CO2 at VLE loadings for different temperatures. Further
it has been assumed that the variation of loading with vapour pressure of CO2 in the sorbent is
same for all temperatures. More experimental data is required to accurately determine the effect
of temperature on CO2 STY curve.

3. The sorbent flow rate into the absorber column and the residence time of the sorbent in the
absorber is assumed to be constant.

Model Inputs and Outputs

The inputs used for the model as shown in Figure[3.1] are described below:

• Ambient Temperature and humidity: The ambient temperature and relative humidity values
are taken as input for calculating the Space time yield (STY) of CO2 and H2O.

• Recycle flow rate and composition: Recycle feed flow rate and composition of the feed from
the sump (described in section 3.1.2 below), is used as an input to determine CO2 and H2O
entering the absorber.

• Absorber area: Absorber area is the user defined input for the area of the column over which
the sorbent flows and CO2, H2O are absorbed into it.

Symbol Input Parameter Unit
Tamb Ambient Temperature [oC]
H Humidity [%]
Frec Recycle flow rate [mol/s]
zrec Recycle flow composition [-]
Labs Length of absorber [m]

The outputs obtained from the absorber model are described below:

• CO2 Loading: Based on the feed composition of sorbent entering the absorber, the area of
absorber and using the experimentally obtained STY curve for CO2, the loading of CO2 in the
outlet stream of the absorber is determined.

• H2O Loading: Similar to CO2 loading, the H2O loading in the outlet of the absorber is determined
using the existing loading of H2O in recycle stream, STY curve of H2O (which is an experimen-
tally derived function of temperature and relative humidity) and length of absorber, the final H2O
loading in the absorber outlet is determined.

• Absorber Outlet flow rate: Based on the CO2 and H2O outlet loading and feed flow rate entering
the absorber, the outlet flow rate from the absorber is calculated.
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Symbol Output Parameter Unit

Fabs Absorber outflow rate [mol s−1]
zabs Absorber outflow composition [-]
CO2abs CO2 Loading [molCO2.kgTEPA−1]
H2Oabs H2O Loading [molH2O.kgTEPA−1]

The above outputs are used to calculate the rich loading in the sump (described in section 3.1.2 below)
which is then used as input for the Absorber and Desorber model (3.1.3).

Model Description
Recycle flow and composition:

At first, from the feed entering the absorber from the sump, the loading of CO2 and H2O is determined.
This is done as the mole fraction of CO2, H2O, TEPA and PEG200 in the feed is known from the sump
model (3.1.2).

STY CO2:

The Space time yield (STY) curve for CO2 is determined by extrapolation of experimentally obtained
VLE data through previous works at ZEF [26].

The procedure used for determining STY function for CO2 is described in Appendix B

STY H2O:

The STY curve for H2O used in this work, is a function of absolute humidity and H2O loading in the
sorbent. The function used has been carried over from previous work at ZEF by Dubhashi et al.[27].

Using the above STY curves and recycle stream flow rate and composition, the flow rate and composi-
tion of the absorber outlet stream is determined and is used for calculation of concentration of sorbent
in the sump model (3.1.2).

The working of the model is described using the flow-chart 3.2 below:

3.1.2. Sump Model

The sorbent for DAC system is present in the sump through which it is sent to the absorber and desorber
via pumps. The overflow from the absorber and desorber flows back into the sump and thus the cycle
is completed. The sump also acts as the dampener for fluctuations in sorbet loading due to mixing of
rich and lean sorbent from absorber and desorber respectively. Therefore, it is essential to model the
behaviour of the sump in order to be able to sorbent loading which is the input for both Absorber and
Desorber section. The schematic of the sump model is shown in Figure[3.3] below.

Model Assumptions

The main assumptions used in modelling the sump are as below:

1. The sump is modelled as continuously stirred tank [49] with two sorbent outlet streams (one
to absorber and desorber each) and two sorbent inlet streams (one each from absorber and
desorber) and the net sorbent in the sump is well mixed.

2. It is assumed that the mixing of sorbent streams of different temperatures does not alter the sump
temperature and it remains in thermal equilibrium with the surroundings. The assumption holds
as the flow rate from the absorber and desorber is very small compared to the sorbent mass in
the sump.
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Figure 3.2: DAC Absorber Model working

Figure 3.3: DAC sump model

3. It is assumed that no chemical reaction takes place in the sump. The assumption is valid since
the absorption of CO2 and H2O into the sorbent in sump will be negligible since it is not in direct
contact with air.
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Model Inputs and Outputs

The below inputs used in the sump model to determine the sorbent composition in the sump.

• Feed flow rate: The feed flow rate from absorber and desorber inlet and outlet.

• Sorbent composition: The composition of the sorbent streams from absorber and desorber
input and output.

• Sump Holdup: The sump holdup is the initial mass and concentration of the sorbent which is
present in the sump at the start of the simulation.

Symbol Input Parameter Unit

Frec Absorber inlet flow rate [mol s−1]
Fabs Absorber outflow rate [mol s−1]
Frich Desorber inlet flow rate [mol s−1]
Flean Desorber outflow rate [mol s−1]
zrec Absorber inlet flow composition [-]
zabs Absorber outflow composition [-]
zrich Desorber inlet flow composition [-]
zlean Desorber outflow composition [-]
Nsump Initial Sump holdup [mol]

Sump composition: The output of the sump model is sump composition, which is calculated using
above input parameters. This sump composition is then used as input composition for the feed streams
to absorber and desorber.The model output results for the absorber and sump model are presented in
Appendix B.

Symbol Output Parameter Unit

zsump Sump composition [-]

Model Description

The equation 3.1 below determines the rate of change of moles for each component in the sump, which
is then integrated over time to find the total sump mass and final sump composition. The working is
described in the flowchart 3.4 below.

dM

dt
= Fabs.zabs+ Flean.zlean− Frec.zrec− Frich.zrich (3.1)

Where:
dM
dt Rate of change of moles in the sump
Fabs Feed flow rate absorber outlet
zabs Sorbent composition absorber outlet
Flean Feed flow rate lean sorbent from desorber
zlean Sorbent composition lean sorbent from desorber
Frec Feed flow rate absorber inlet
zrec Sorbent composition absorber inlet
Frich Feed flow rate rich sorbent to desorber
zrich Sorbent composition rich sorbent to desorber
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Figure 3.4: DAC sump model working

3.1.3. Desorber Model

The desorber model serves as the main element of the integrated DAC+FM system model developed
in this thesis. The desorption column is modelled as a trayed column with multiple stages and was
developed to describe the dynamic behaviour of the system. In the next sections, themain assumptions,
working and limitations of the desorber model are explained. The schematic of a single stage of the
desorber model is shown in Figure[3.5] below.

Figure 3.5: Schematic of a single stage of the desorber model

Model Assumptions

The main assumptions used in the model are as below:
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1. The column is assumed to operate at equilibrium i.e., the vapour curves used in themodel assume
the system to be at vapour liquid equilibrium (VLE).

2. Each stage of the desorber column is assumed to be a lumped mass, with uniform temperature
and the liquid/vapour exiting the stage is at the same temperature as the calculated stage tem-
perature.

3. It is assumed that in the sorbent mixture, TEPA and PEG are non-volatile components and the
vapour phase only contains CO2 and H2O.

4. Specific heat and heat of desorption of different components is assumed to remain constant.

5. It is assumed that the desorption of CO2 and H2O are independent of each other.

6. It is assumed that the pressure of each stage of the desorber is same i.e., there is no pressure
drop within the desorber and the stage pressure is same as the pressure in the flash tank.

Model Inputs and Outputs

The various inputs used for the model are mentioned below:

• Feed The flow rate, composition and temperature of the liquid and vapour feed entering the stage
is needed to calculation of each stage outputs.

• Ambient and Initial stage temperature: The ambient and initial stage temperature is needed
to calculate the heat loss and current stage temperature.

• Heat Input: Heat input (if any) to the stage is a required input for energy balance and calculation
of current stage parameters.

• Holdup: The initial stage holdup is a required input for the mass balance and determining the
stage parameters.

• Pressure: The stage pressure is a required input, which is calculated in the flash tank model as
described in section 3.1.4.

Symbol Input Parameter Unit

Frich Desorber inlet flow rate [mol s−1]
zrich Desorber inlet flow composition [-]
Tamb Ambient Temperature [oC]
Tinitial Initial stage temperature [oC]
Q́in Heater Power Input to desorber [W]
- Stage Holdup [mol]
PDes Desorber pressure [Pa]

The outputs from the desorber model are described below:

• Vapour and Liquid outlet: For each stage the liquid and vapour outflow and composition is
determined with dynamically changing input parameters.

• Temperature: For each stage the temperature of the stage is determined and the outflow, both
liquid and vapour is considered to be at the same temperature as the stage temperature.

The model output results are presented in Appendix B.
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Symbol Output Parameter Unit

Flean Desorber liquid outflow rate [mol s−1]
zlean Desorber liquid outflow composition [-]
Tlean Temperature of lean sorbent out from desorber [oC]
Vdes Desorber vapour outlet flow [mol s−1]
ydes Desorber liquid outlet flow composition [-]
Tdes Temperature of vapour outlet from desorber [oC]

Model Description

In the following section the various aspects of the desorber model are explained in detail.

Mass Balance:

The mass balance block is used to calculate the total mass present in the stage. The total liquid and
vapour inflows to the stage are added and the outflows are subtracted to get the rate of change in mass
in the stage per time step. This rate of change is then integrated to get the current mass of components
in the stage. The integration block is initiated using the holdup mass input to the stage. The same is
depicted in Figure 3.6 below. The vapour and liquid outflow which is subtracted in the mass balance
block is calculated using the Flash block which is described in section 3.1.4.

Figure 3.6: Mass balance block in each stage of desorber model

Energy Balance:

The energy balance block is used to calculate and account for all energy interactions that take place
within the desorber stage.

• Sensible Heat: The energy from liquid and vapour inflow to the stage is calculated using equa-
tions 3.2 and 3.3 below.

Q̇liq−in = Ṁliq−in · CpLiq · (Tliq−in − TStage) (3.2)

Q̇vap−in = Ṁvap−in · CpV ap · (Tvap−in − TStage) (3.3)

Where:

Q́liq−in: Heat input from liquid entering stage
Ḿliq−in: Mass of liquid entering the stage
CpLiq: Specific heat of liquid
Q́vap−in: Heat input from vapour entering stage
Ḿvap−in: Mass of vapour entering the stage
CpV ap: Specific heat of vapour
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Tliq−in: Temperature of liquid entering the stage
Tvap−in: Temperature of vapour entering the stage
TStage: Temperature of the stage

• Heat of Desorption: The heat of desorption removed from the stage due to desorption of vapour
exiting the stage is subtracted while heat of desorption added to the stage by vapour entering the
stage is added the energy balance block. The equations used to calculate the heat of desorption
is given by equation 3.4 and 3.5 below.

Q̇des−in = Ṁvap−in ·Hdes (3.4)

Q̇des−out = Ṁvap−out ·Hdes (3.5)

Where:

Q́des−in: Heat of absorption of vapour entering stage
Ḿvap−in: Mass of vapour entering the stage
Q́des−out: Heat of absorption of vapour exiting stage
Ḿvap−out: Mass of vapour exiting the stage
Hdes: Heat of desorption

• Heat Loss: Heat lost from the stage is subtracted from the energy balance block. The same is
calculated using equation 3.6 below:

Q̇loss = UA · (TStage − TAmb) (3.6)

Where:

Q́loss: Heat loss from the stage
U: Overall heat transfer co-efficient
A: Total heat transfer area
TStage: Temperature of the stage
TAmb: Ambient Temperature
Hdes: Heat of desorption

The overall schematic of energy balance block is shown in Figure[3.7] below.

Flash Calculation:
For each stage, to determine the vapour and liquid fraction, pT flash calculation is performed at each
time step for which the feed flow, temperature and pressure of the stage is the input. The calculation
steps are described below:

• At first step, it is assumed that the liquid composition of the stage is same as the feed composition.
Using this, the sorbent loading is calculated, which is then used to calculate the partial pressure
of CO2 and H2O.

• For CO2 the same is calculated by extrapolation of experimental VLE data of TEPA-PEG-CO2-
H2O quaternary system available at ZEF. Using the fit of this data, Clausius-Clapeyron relation
(2.5) is used to get the partial pressure of CO2 at the current stage temperature and loading.
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Figure 3.7: Energy balance block in each stage of desorber model

• For H2O, the partial pressure is determined by using modified Raoult’s law 2.9. The saturation
pressure of pure water is calculated using Antoine’s equation (shown in equation 3.13) and the
activity coefficient is determined using Wilson’s equation [50] (shown in equation 3.7).

ln (γ1) = − ln (x1 + Λ12x2) + x2

[
Λ12

x1 + Λ12x2
− Λ21

x2 + Λ21x1

]
(3.7)

Where:

γi: Activity coefficient component i
Λij : Wilson parameters
xi: mole fraction of component i

The development of these algorithms to calculate the partial pressure of CO2 and H2O was done
previously at ZEF and the same have been incorporated in the current model.

• If the sum of the partial pressure of CO2 and H2O is lower than or equal to the stage pressure,
then the stage composition is considered as a single phase liquid and the vapour liquid fraction
(VF ) in the stage is set to 0 and the vapour composition is set as the ratio of calculated partial
pressure of each component to sum of partial pressures in the stage.

• If the sum of partial pressure of CO2 and H2O is greater than stage pressure, then the K-value
2.8 for the step is calculated as ratio of vapour composition to the liquid composition, and first
assumption is made for the V

F value.

• In the next step, with the assumed V
F and K value, the vapour composition and partial pressures

of CO2 and H2O are re-calculated and the steps described earlier are repeated and new V
F value

is calculated. This iteration is repeated till difference between assumed and calculated V
F value is

small enough and then model converges and gives the final results. In this way the composition
of liquid and vapour fraction of each stage is determined.

Stage Holdups:
In the model, each stage is assigned a maximum liquid and vapour holdup level is defined as the user
input. When the total liquid level exceeds this maximum holdup limit, then the liquid starts to overflow
to the next lower stage. Similarly when vapour level in the stage exceeds the maximum holdup level,
vapour starts to overflow to the next upper stage.
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As the liquid and vapour start to overflow to the next stages, this can result in fluctuations in solving
the system numerically. So as a solution to this, a dampening factor is introduced to soften the liquid
and vapour overflow from the stage. The value for this dampening factor was chosen so as to have
smoother transition of liquid and vapour from one stage to the next.

The liquid and vapor which flow out from the stage are subtracted in the mass balance block as shown
in Figure 3.6 to calculate the mass of components in the stage.

Temperature Calculation:
The desorber model also determines how the temperature of the stage changes dynamically. The same
is calculated by solving the unsteady heat transfer equation 3.8 as given below:

ṀCpstage ·
dT

dt
= Q̇in − Q̇out + Q̇gen (3.8)

Where:

ḾCpstage: Total Thermal mass in the stage
Q́in: Heat input to the stage
Q́out: Heat out from the stage
dT
dt : Rate of change in temperature with time
Q́gen: Heat generated in the stage

Thermal mass of the stage, ṀCpstage is calculated as below:

ṀCpstage = Mstage · Cpstage + Ṁliq · Cpiq + Ṁvap · Cpvap (3.9)

Using equation 3.8 and 3.9, the temperature of the stage is determined using equation 3.10 below
which is initialised with initial stage temperature as the user input:

Tstage =

∫
Qnet

ṀCpstage
· dt (3.10)

Where:

Tstage: Stage temperature
Q́net: Net heat input to stage from energy balance block
ḾCpstage: Total Thermal mass in the stage

3.1.4. Flash Tank Model

The vapour output from the desorber (CO2 and H2O) is separated out into liquid and gaseous phase by
flashing the mixture in the flash tank. The flash tank controls the gas and liquid input to the FM and the
AEC sub-system respectively, and hence it was necessary to describe the working of the DAC flash
tank. For the same, a model for the working of the flash tank was prepared and is explained in this
section. The schematic of the flash tank and the model is shown in Figure3.8 below.
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Figure 3.8: DAC Flash Tank Model

Model Assumptions

The main assumptions used for the flash tank model are as below:

• The flash tank is assumed to operate at equilibrium and the vapour curves used in the model
assume the system to be at equilibrium .

• It is assumed that the vapour entering the flash tank is a binary mixture of CO2 and H2O only, and
no sorbent (TEPA or PEG) is evaporated from the desorber.

• It is assumed that the gas mixture in the flash tank behaves as an ideal gas. Since the pressure
in the flash tank remains close of atmospheric pressure (1b̃ar), hence this assumption is valid.

• It is assumed that CO2 and H2O are in Vapour-Liquid equilibrium (VLE) in the flash tank.

• It is assumed the mixture in the flash tank is well mixed and the temperature of the flash tank is
same as ambient temperature.

Model Inputs and Outputs

The inputs used for the DAC Flash tank model are as below:

• Temperature: The temperature of flash tank and its contents are assumed to be in equilibrium
with the ambient as mentioned above. So, the ambient temperature is taken as the temperature
of the flash tank.

• Pressure: The pressure in the flash tank is calculated based on the interaction of the flash tank
output and compressor model (described in 3.2.1 below).

• Feed Composition: Vapour output of the desorber model (3.1.1) is taken as the feed input to
the flash tank.

• Volume of Tank: Volume of the flash tank is a user defined input and is used for calculation of
pressure in the flash tank.

• FM model flow rate: The net flow rate from the flash tank to FM from the FM model (3.2) is used
as input along with feed from desorber and volume of the flash tank to calculate the flash tank
pressure.
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Symbol Input Parameter Unit

Tamb Ambient Temperature [oC]
Pflash Flash tank pressure [Pa]
Fflash Feed flow into flash from desorber [mol s−1]
Vflash Flash tank volume [m3]
FFM Net flow rate FM subsection [mol s−1]

The outputs from Flash tank model are given below:

• Liquid and Vapour flow rate: The flow rate of liquid and vapour from the desorber feed after
flashing in the DAC flash tank.

• Liquid and Vapour fraction: The composition of liquid and vapour fraction in the flash tank.

• Pressure: Flash tank pressure is calculated based on the net mole flow in flash tank and flash
tank volume, assuming ideal gas behaviour in flash tank. The same pressure is also used as
input to both Desorber and flash tank model itself for calculation of pT flash at each time step.

The model output results are presented in Appendix B.

Symbol Output Parameter Unit

VFlash Vapour flow into flash tank [mol s−1]
LFlash Liquid flow into flash tank [mol s−1]
zFlash Composition of mixture in flash tank [-]
Pflash Flash tank pressure [Pa]

Model Description

The working of the model can be explained using the flowchart 3.9 below:

Saturation Pressure:

As stated in the assumption, mixture of H2O and CO2 is considered as a ideal mixture, which implies
that Raoult’s law is applicable and hence equation 3.11 holds.

yi = f(T, P ) = xi · P sat
i /P (3.11)

which can also be written as 3.12
Ki = P sat

i /P (3.12)

where:

yi: Mass fraction of component i in gas phase
xi: Mass fraction of component i in liquid phase
T : Temperature
P: Pressure
Psat
i : Saturation Pressure

Ki: Ratio of yi and xi

For H2O, saturation pressure is calculated using Antoine equation 3.13.
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Figure 3.9: DAC Flash Tank Model working

Psat = 10(A− B
C+T ) (3.13)

where:

Psat
i : Saturation Pressure

A,B,C: Antoine Constants
T : Temperature

For CO2 saturation pressure is calculated using interpolation of vapour pressure data. The data is valid
till critical temperature (TC) of CO2 (31̃oC).For temperature higher than TC , Henry’s law 3.14 is used to
calculate KCO2.

yi =
Hi

P
· xi (3.14)

where:

yi: Mass fraction of component i in gas phase
Hi: Henry’s constant
P: Pressure
xi: Mass fraction of component i in liquid phase
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pT Flash:

Through mass balance and component balance, we get equation 3.15 and 3.16 as shown below:

F ∗ zi = L ∗ xi + V ∗ yi (3.15)

∑
i

yi −
∑
i

xi = 0 (3.16)

Where:

F Feed flow into flash tank
zi Mass fraction of component i in feed
L Liquid fraction of the feed flow
xi Mass fraction of component i in liquid phase
V Vapour fraction of feed flow
yi Mass fraction of component i in gas phase

Using equation 3.15 and 3.16 and Ki for CO2 and H2O, we get equation 3.17 which is also called the
Rachford-Rice Flash equation [51]. This is solved numerically to get the VLE information.∑

i

zi ∗ (Ki − 1)

1 + V
F ∗ (Ki − 1)

= 0 (3.17)

Where:

F Feed flow into flash tank
zi Mass fraction of component i in feed
L Liquid fraction of the feed flow
V Vapour fraction of feed flow
Ki: Ratio of yi and xi

Pressure Calculation:

Pressure in the flash tank is calculated using the assumption that the gas mixture in the flash tank
behaves as an ideal gas.

The net gas moles in the flash tank is given by equation 3.18 and also depicted in Figure3.10 below:

nflash = nDesorberIn + nFMIn − nFMOut (3.18)

Where:

nflash Net gas moles in flash tank
nDesorberIn Gas moles added in flash tank by Desorber
nFMIn Gas moles added in flash tank by FM sub-system
nFMOut Gas moles removed from flash tank by FM sub-system

The net gas volume in the flash tank is given by equation 3.19 below:

Vgas = Vflash − Vliquid (3.19)

Where:
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Figure 3.10: Flash Tank with Inlet and Outlet gas streams

Vgas: Gas volume in flash tank
Vflash: Flash tank volume
Vliquid: Liquid volume in flash tank

Using equation 3.18 and 3.19 and ideal gas law, pressure in the flash tank is calculated as below 3.20:

Pflash =
nflash ·R · T

Vgas
(3.20)

Where:
Pflash Pressure in Flash tank
nflash Net gas moles in flash tank
Vgas Gas volume in flash tank
R Universal gas Constant
T Temperature

3.2. FM Model
The working of the FM sub-system has been explained in section 1.3.2. FM sub-system has two main
functions, to dehumidify the CO2 captured by DAC to ≤ 2 % relative humidity levels and then compress
the dried CO2 to high pressure (55 bar) for use downstream in the MS sub-system. One of the major
focus area for the thesis was to identify the operational scenarios arising out of integration of DAC and
FM sub-system and to design control schemes to control the integrated system. For this, it was required
to model the behaviour of the FM system and integrate this model with DAC system model (described
in previous section 3.1). In the next section, the modelling of components of the FM sub-system has
been described.

3.2.1. Compressor Model

The compressor in the FM sub-system compresses the captured CO2 to higher pressures ( 55bar). The
compressor model developed for this work uses the compressor parameters to describe the mass/mole
flow in the FM sub-system. The vapor output from the DAC sub-system is drawn to the FM sub-system
by the suction of the compressor. The flow compressed by the compressor is sent to the buffer tank for
storage and further use downstream. From the buffer tank, a part of flow is diverted back to the DAC
flash tank to control the pressure in the flash tank(described in Flash tank model in section 3.8).

The schematic of the Compressor model is shown in Figure3.11 below.

Figure 3.11: Schematic of compressor model
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Model Assumptions

The assumptions used in the compressor model are mentioned below:

1. The compressor model was based on experimental investigation on a different compressor model
(lower compressor capacity) than the one currently being used in the ZEF FM system (higher
capacity compressor). It has been assumed that the results for the new compressor would scale
directly with the compressor volume and all other factors will remain the same.

2. The leakage factor and volumetric efficiency are modelled to be a only function of compressor
speed. In the actual system, with the efficiency will vary depending on production tolerance,
operating temperature, pressure ratio etc.

3. The pressure drop due to flow through the FM system has been neglected.

4. The inlet of the compressor is assumed to be at thermal equilibriumwith the flash tank and ambient
temperature.

5. It has been assumed that the drying system behaves ideally and the input to the compressor is
only pure CO2.

6. For modelling the flow across the capillary tube, Darcy-Weisbach equation has been used and it
has been assumed that the flow is incompressible. For low pressures (≤10 bar), the assumption
will not lead to major deviation, however for modelling high pressure system, the assumption will
not hold.

7. The response time of solenoid valve operations have not been considered.

8. Compressor response time has been considered to be constant for the entire compressor speed
range.

Model Inputs

The inputs used for the compressor model are mentioned below:

• Temperature: The vapour outlet from the DAC Flash tank, which is assumed to be in thermal
equilibrium with the ambient temperature. The same temperature is taken as input temperature
for the compressor model and is used to calculate the density at suction, compressor power
requirement and mass/mole flow rate.

• Pressure DAC Flash Tank: DAC Flash tank pressure is used as an input to the PID controller
which determines the compressor operating speed so as regulate the mass/mole flow and main-
tain the flash tank pressure at atmospheric pressure level.

• Compressor Volume: Compressor volume or cubic capacity is the volume of compressor cham-
ber that is swept per rotation of the compressor. This is a user defined input to the model to
determine the mass/molar flow rate.

• Buffer Tank volume: Buffer tank volume is also user defined input. It determines the buffer tank
pressure based on compressor mass flow rate into the buffer tank. Further, the pressure of the
buffer tank determines the bypass flow rate going back to the flash tank for pressure control.

• Compressor response time: Compressor response time can be described as the time taken
by the compressor to reach the defined set-point speed. This is the physical lag which will be
present in the system due to its inertia. The same was be determined experimentally on the test
setup and was used as input to the system.
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Symbol Input Parameter Unit

Tamb Ambient Temperature [oC]
Pflash Flash tank pressure [Pa]
Vcmpr Cubic capacity of compressor [m3 s−1]
Vbuffer Flash tank volume [m3]
Tres Compressor response time [rpm s−1]

The outputs from the compressor model are mentioned below:

• Compressor Speed: In order to control the pressure in the flash tank, a PID controller is used to
determine the compressor speed which in turn determines the compressor mass/mole flow rate.

• Mass/mole flow rate; The compressor speed determined by the PID controller along with com-
pressor capacity, inlet temperature and net efficiency is used to calculate the compressormass/mole
flow rate as per equation 3.21 and 3.22 described in section 3.2.1.

• Compressor Power: The model also determines the compressor power consumption using
equation 3.27 described in section 3.2.1.

Symbol Input Parameter Unit

Nrpm Compressor speed [rpm]
ḿcmpr Compressor mass flow rate [kg s−1]
Pcmpr Compressor Power [W]

Model Description

Mass Flow through Compressor For modelling the mass flow through the compressor, following are
the main equations which were considered [52].

V̇cmpr = Vcc ∗
Nrpm

60
∗ ηvol ∗ (1− fleak) (3.21)

Ṁcmpr = V̇cmpr ∗ ρsuction (3.22)

ṅcmpr = Ṁcmpr/mwsuction (3.23)

Where:

V́cmpr Compressor volumetric flow rate
Vcc Cubic capacity of compressor
Nrpm Compressor Speed (in rpm)
ηvol Volumetric efficiency of compressor
fleak Leakage factor
Ḿcmpr Compressor mass flow rate
ρsuction Density of gas at compressor inlet
ńcmpr Compressor molar flow rate
mwsuction Molar mass of gas at compressor inlet

Volumetric Efficiency For estimation of volumetric efficiency, actual mass flow measurement data
from ZEF’s compressor test setup, as seen in Figure[3.12] below, was used.
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Figure 3.12: Actual Mass flow vs Discharge pressure of compressor for different compressor speed [53]

Since in the actual measurements, the effect of leakage factor and volumetric efficiency get combined,
so using the above data a net efficiency factor (ηnet) which is defined as given in equation 3.24 below
was defined.

ηnet = ηvol · (1− fleak) (3.24)

Using the experimental results shown in Figure[3.12], the net efficiency is then estimated a function of
compressor speed.

ηnet = f (Nrpm) (3.25)

With these values, equation 3.21, 3.22 and 3.23 can be calculated for different compressor speeds and
the mass/mole flow at compressor suction can be calculated.

Compressor Temperature and Energy requirement

The compressor discharge temperature will be calculated using the polytropic compression equation
3.26 given below [54]:

T2 = T1

(
P2

P1

) γc−1
γc

(3.26)

For calculation of compressor work, following equation is used:

Wcomp =
ṁcmpr

ηcmpr

[
γc

γc − 1

]
P1

ρ1

[(
P2

P1

)γc−1/γc

− 1

]
(3.27)

Where:

T1 Compressor inlet temperature
T2 Compressor outlet temperature
P1 Compressor inlet pressure
P2 Compressor outlet pressure
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γc Polytropic coefficient
Ḿcmpr Compressor mass flow rate
η cmpr Compressor efficiency
ρ1 Density at compressor inlet

γc the polytropic coefficient used for the model is taken from the work of Bergstein et al. [48] on the ZEF
compressor setup. The value of polytropic coefficient (γc) obtained was ∼ 1.05-1.1. For this model,
γc=1.1 will be used.

3.2.2. Buffer Tank model

CO2 buffer tank was modelled as a simple vessel with 1 inlet, the compressor outlet stream and 2
solenoid valve connected outlets, 1 bypass valve to the flash tank and 1 outlet valve to the downstream
line via capillary tubes. The flow through the capillary tube is modelled using Darcy–Weisbach (shown
in equation 3.28) [20] relation.

∆p

L
=

128

π
· µQ
D4

c

(3.28)

Model Assumptions

The main assumptions used for the Buffer tank model are as below:

• The gas in the buffer tank is assumed to behave as an ideal gas.

• It is assumed that the compressor outlet stream is pure CO2.

• The buffer tank is assumed to be at thermal equilibrium with the atmosphere.

• For the flow through capillary tube modelled using Darcy–Weisbach relation, it is assumed that
the CO2 gas in buffer tank behaves as incompressible gas and the flow is assumed laminar to
simplify calculations. The assumption remains valid for low pressure difference between buffer
tank and flash tank (≤ ≈ 8bar).

Model Inputs and Outputs

The model inputs for the Buffer tank model are below:

• Mass/mole flow rate: The mass/mole flow rate from compressor model is the inlet flow rate to
the system.

• Temperature: As stated in the assumptions, the buffer tank temperature is considered to be
same as ambient temperature.

• Volume: Buffer tank volume is user defined input.

• Capillary Dimensions: The dimensions of capillary tube is also user defined input.

• Pressure gradient: The pressure gradient between Buffer tank- flash tank and buffer tank-
downstream line is an input to calculate flow across capillary tube.

The outputs of the Buffer tank model are as below:
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• Pressure: Buffer tank pressure calculated assuming ideal gas behaviour is an output from the
model.

• Mass/Mole flow: The mass/mole flow rate through the capillary tube is an output of the buffer
tank model. The same is also used as input for the flash tank model to calculate net mole flow in
the flash tank as described earlier 3.8.

3.3. Integrated DAC+FM Model
The micro-models described in section 3.1 and 3.2 were then integrated to get the final integrated
DAC+FM sub-system. The control schemes were also incorporated in the integrated model and the
same was then validated using the representative experimental setup. The experimental setup and
validation results are explained in chapter 4.

3.3.1. Control Schemes

In order to ensure that the system behaves as per requirement, it is essential to include control schemes
to deal with the disturbances. In a control system, the parameter that is required to be controlled
is termed as control variable, the parameters which can be varied to control the system are called
manipulated variables and variables which cannot be controlled are termed as external disturbances
[55].

For the integrated system, process parameters are depicted in Figure[3.13 and 3.14] below. The same
is discussed in detail in Chapter 5

Figure 3.13: DAC system process parameters

The control schemes developed for DAC and FM system to ensure optimum output from the DAC and
FM system are described below:

Production Control:
For the DAC system, production and energy targets have been described in Table[1.1]. This is the
average target for the day and the actual production may be lower or higher than this value. For
this purpose, a control strategy was designed which can be used to ramp-up or ramp-down the DAC
production by varying the ratio of desorber feed flow (Mfeed) to reboiler power input (Qreboiler), (MQ ).

Mfeed and Qreboiler are varied such that the ratio,(MQ ) remains same. In this way, the production from
DAC can be ramped up/down as per requirement. Figure[3.15] below represents this control scheme.
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Figure 3.14: Flash tank+FM system process parameters

Figure 3.15: DAC production control loop

Assumptions

The main assumptions used for DAC production control scheme are as below:

•

• It is assumed that the system is under steady state operation and the changes made to (MQ ) ratio
is after desorber is under steady state.

• The temperature limitation of 120oC is applied on the system; this implies Qreboiler is only in-
creased till desorber temperature is ≤ 120oC.
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• The mass transfer limitation in the desorber which can restrict desorption of CO2 and H2O at high
Mfeed is neglected while calculating the production from the desorber.

The working of the control scheme has been discussed in section 5.3.1.

Flash tank pressure control scheme:
The flash tank pressure control loop works to control the pressure in the flash tank by simultaneous
operation of the Compressor and Bypass solenoid valve.
The compressor is operated using PID control and draws vapour from the flash tank and compresses
and stores it in the buffer tank. From the buffer tank, a solenoid bypass valve is connected back to
flash tank and operates based on flash tank pressure to control the pressure. In this way, the pressure
is maintained in flash tank and continuous operation of the compressor is ensured.

The H2O collected in the flash tank is periodically drained out via a solenoid valve which is operated
based on the level sensor in the flash tank. This ensures that a minimum gas volume is always present
in the flash tank which is necessary for the pressure control.

Schematic of the control developed for the flash tank pressure control is depicted in Figure[3.16] below.

Figure 3.16: Flash tank pressure control loop

The working of the control scheme has been described in section (5.3.2).
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4
Experiment setup and Methodology

In this chapter, the experimental setup for validation of system model and the pressure control scheme
for the integrated DAC+FM system is described. The chapter covers the description of the setup,
experiments performed and the assumptions considered for the experiments.

4.1. Experimental Setup
4.1.1. MiniDAC Setup:

In this section the experimental setup used for validation of the integrated DAC+FM model and opera-
tional scenarios is described in detail. The setup used (referred to as MiniDAC), is a prototype setup
which was designed and built during previous teams at ZEF. The setup and the measurement points
used for the experiments are shown in the P&I diagram in Figure 4.1 and the setup is shown in Figure
4.2 below.

Figure 4.1: P&I diagram of MiniDAC test setup

The measurement points in the P&I diagram 4.1 represent the following:

Symbol Measurement Parameter Unit

T01 Desorber Temperature Point 1 [oC]
T02 Desorber Temperature Point 2 [oC]
T03 Desorber Temperature Point 3 [oC]
T04 Re-boiler Temperature [oC]
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Symbol Measurement Parameter Unit

T05 Flash Tank Temperature [oC]
P01 Flash Tank pressure [Pa]
P02 Buffer Tank pressure [Pa]
L01 Liquid level sensor flash tank 1 [-]
L02 Liquid level sensor flash tank 2 [-]

Figure 4.2: MiniDAC test setup

The process flow of the setup is described below:

• The recycle pump (RP) draws sorbent from the Sump, one part of which goes to the Absorber
while the other part goes to the desorber. The mass flow to the desorber is controlled via a needle
valve (NV), while the overall flow rate from the recycle pump is PWM controlled using Arduino,
the interface and control for which developed by ZEF.

• The sorbent flowing to the desorber, goes through a heat exchanger where it is heated up using
the hot sorbent exiting the reboiler.

• The Fan (F) which control the air flow in the absorber section is also PWM controlled using Arduino
(same as recycle pump) using ZEF GUI.

• The temperature of the Reboiler (R) is PID controlled using Arduino using the ZEF GUI.

• As sorbent flows into the Desorber, it fills up till the level of sorbent reaches the overflow level,
which is governed by the height at which the outlet sorbent outlet pipe is placed relative to bottom
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of the desorber. The sorbent exiting the desorber goes through the heat exchanger, where it
heats up the incoming rich sorbent and finally ends up in the absorber sump.

• The temperature of the reboiler governs the sorbent temperature in the desorber and as it reaches
the boiling temperature of the sorbent, CO2 and H2O start to desorb from it. The vapor exits the
desorber from the top.

• The vapour exiting the Desorber is passively cooled using the finned tube heat exchangers. This
condenses the H2O in the vapour, while CO2 remains in gaseous form.

• This cooled H2O and CO2 mixture then go to the flash tank, where liquid settles at the bottom and
vapour phase gets collected at the top part of the flash tank.

4.1.2. Flash Tank Setup

The Flash tank setup went through multiple iterations which is explained in detail in Appendix A. The
P&I diagram of the final setup and the setup itself is shown in Figure 4.1 and 4.3 respectively.

Figure 4.3: Flash tank test setup

The process flow of the setup is described below:

• The passively cooled CO2 and H2O mixture from DAC desorber, enters the flash tank. The liquid
fraction settles at the bottom, while the vapour fraction is collected at the top part of the flash tank.
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• The outlet of the flash tank is connected to two peristaltic pumps (P1 & P2) in series. These
pumps are used to compress the vapour fraction of the flash tank outlet, and is then stored in the
Buffer tank. The pumps are PID controlled based on the pressure in the flash tank using the ZEF
Arduino GUI.

• The buffer tank has two outlets which are both connected to solenoid valves. One of the valves
(V1) is operated based on the flash tank pressure to bypass fraction of compressed CO2 through
a capillary tube, back to the flash tank to maintain the pressure in the flash tank. The other valve
(V2) operates to maintain the pressure in the buffer tank to the target pressure level.

• The pumps (P1 and P2) and the two valves (V1 and V2) operate together to control the pressure
in the flash tank at the target level.

4.2. Experiments
4.2.1. MiniDAC Experiments

At first, experiments were performed in order to determine the performance of the MiniDAC system.
The same is explained in detail below:

1. Desorber Experiments:
In order to determine the desorber performance and use the data for model validation following
experiments were performed. The results were also used to determine the control strategies to
be used for integrated DAC+FM system.

The results of the experiment are presented in the Appendix A

(a) Startup and Steady state: In these experiments, the MiniDAC setup was run a fixed reboiler
temperature set point, which was decided on the basis of previous experiments on MiniDAC
at ZEF. The startup and steady state temperatures at different locations of the desorber
column was measured. This data was further used to validate the dynamic behaviour of the
system model developed for this work.

(b) Desorber Cool-down: After running the desorber at target temperature till steady state, the
feed to the desorber and the heater power input was turned off and the cooling down of the
desorber was monitored. Using this data, the heat loss through the system was estimated
and the same was used in the heat loss model for each stage the desorber model.

(c) Cyclic Capacity and Energy requirement: For measurement of cyclic capacity, sorbent
samples were collected from sump and desorber outlet to measure the sorbent rich and lean
composition respectively using FTIR analysis (A) of the collected sample. Further, using the
cyclic capacity, mass flow rate and reboiler power input, energy requirement for CO2 capture
using MiniDAC setup was measured. The same was also used to validate the desorber
model.

(d) CO2 puritymeasurement: The purity of CO2 in the vapour stream desorbed from theMiniDAC
setup was measured using Haffmans CO2 purity tester setup [56]. The results obtained were
used to validate the flash tank model. (A)

Assumptions for the experiment:

• It is assumed that the vapour stream from Desorber is the binary mixture of CO2 and H2O
and behaves as an ideal gas.

• The setup is assumed to be leak tight and same was tested before starting experiments.
Hence the pressure fluctuations observed are only due to desorption/absorption of CO2 and
H2O into the sorbent.
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• The pressure drop within the desorber column is neglected.

• The feed flow rate of sorbent in the desorber is assumed to be constant. The same is
regulated using a needle valve and the setting of the needle valve was kept constant during
all the experiments.

2. Absorber Experiments:
In order to determine the absorber performance and use the obtained results to develop and
validate the absorber model, following experiments were performed.

(a) Loading vs Humidity: In order to quantify the effect of absolute humidity on rich loading
of water in the sorbent, experiments were performed with only the absorber running (i.e.
desorber was kept off) and sorbent samples were collected at specific intervals. The humidity
and temperature during the test was logged and the samples were analysed using FTIR to
measure the effect of humidity on water loading in the sorbent.

Assumptions:

• The rate of air flow, counter current to flow of sorbent assumed to be constant and is con-
trolled using PID controlled Fan. The Fan setting was kept constant for the tests.

• The sorbent flow rate to the absorber is assumed to be constant. The same is controlled
using PID recycle pump. The pump settings are kept constant throughout the tests.

• The composition of the sump is assumed to be uniform. The time between sorbent sample
collection was kept much higher (≈ 10 times) than residence time of sorbent in the absorber
column.

The results of the experiment are presented in the Appendix A.

4.2.2. Flash tank experiments:

Before starting the experiments to identify control schemes for the integrated DAC+FM system, it was
necessary to identify the operating scenarios the integrated system will encounter. The identified oper-
ating scenarios (for system with no leaks) are described below:

1. The outlet of the DAC flash tank is connected to the compressor in the FM system. So, when
CO2 starts filling in the flash tank. If the flow out of flash tank to the FM system is lower than
inflow (due to compressor malfunction or low mass flow from compressor), then pressure in the
flash tank and thus the desorber will start rising. This will start pushing the liquid sorbent out of
the desorber and at the extreme all the sorbent will be pushed out and DAC operation will stop.
The same is depicted in Figure[4.4] below. Since the density of sorbent is ≈ 1000 kg m−3, so
1cm of liquid corresponds to ≈ 1 mbar of hydro-static pressure given by equation 4.1.

P = ρgh (4.1)

Where:

P: Fluid Pressure
ρ: Fluid density
g: Acceleration due to gravity
h: Height of fluid

For MiniDAC setup, height of sorbent in the desorber column, (shown as hsorbent in Figure[4.4]
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Figure 4.4: In case of high pressure in the system, sorbent will start overflowing out of desorber, and at extreme limit all
sorbent will be purged out of desorber

is 10cm, so the safety limit for higher pressure in the system will be 10mbar above atmospheric
pressure. As operation limit for this work, the higher pressure limit was defined at 5mbar above
atmospheric pressure.

2. For 2nd scenario, the compressor operating to draw vapour from the flash tank can operate at
higher mass flow than inlet flow from DAC to the flash tank. This will result in suction pressure
in the flash tank and at the extreme if the suction pressure becomes too high, it can result in
sorbent being drawn out from the desorber to the flash tank, or can results in drawing in air from
the desorber overflow line as shown in Figure[4.5].

For the MiniDAC, hvapour (which is total desorber height minus the height of sorbent in desorber),
is 20cm while hsump is 35cm. So, using equation 4.1, the safety limit for low pressure is 20mbar
below atmospheric. For operation limit for this work, the low/suction pressure limit was defined
at 5mbar below atmospheric pressure.

3. The last scenario identified for the integrated system, was after shutdown of the system which
can be due to end of the production period, power unavailability, issue in systems downstream
etc. In this condition, as the sorbent in the desorber cools down, the H2O vapour will start to re-
condense and the desorbed CO2 still in the desorber will be reabsorbed by the sorbent. This will
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Figure 4.5: In case of suction pressure in the system, sorbent will be drawn into the desorber from overflow line and in extreme
case either the sorbent can flow into the flash tank or it may start drawing air from the overflow line.

create suction pressure in the system and can lead to a situation similar to what was described
in the previous scenario.

With these scenarios, the target for the flash tank pressure control experiments was identified as
below:

Table 4.3: Pressure limit for the MiniDAC system

Parameter Description Safety Limit Operation Limit Unit

Pmax Max pressure in flash tank (above Patm) 10 5 [mbar]

Pmin Min pressure in flash tank (below Patm) 20 5 [mbar]

• Integrated MiniDAC+Flash Tank experiments:
The main objective of the flash tank experiments have been described in section 4.3. To achieve
the same, multiple configurations of the experimental setup as described in Appendix A, were
designed and implemented. The P&I diagram of the final setup is shown in Figure 4.1. The
experiments performed included the following:

1. The pump PID control and control of solenoid valve, V1 and V2 was calibrated to ensure the
pressure in the system was maintained within ±5 mbar relative to atmospheric pressure as
per the requirement mentioned in 4.3.
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2. The effect of gas volume in flash tank (Flash tank volume-Liquid volume in flash tank), on
pressure fluctuations were evaluated.

3. The maximum pressure level in the buffer tank to ensure the pressure level target for flash
tank control is met was determined experimentally.

The assumptions used for these experiments are mentioned below:

– The vapour mixture in the flash tank was assumed to behave as an ideal gas. The assump-
tion holds as the maximum pressure in the system, which was in the buffer tank system was
limited to 2.2bar.

– The system was assumed to be leak proof. The leak tightness of the system was checked
before the experiment and thus the pressure fluctuation in the system are only on account
of vapor from desorber, mass flow due to pump and valves in the system.

The results of the experiment are presented in section 5.3.2.
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5
Results and Discussions

In this chapter the research questions and objectives identified in Chapter1 are discussed in detail and
answers to the same are provided.

5.1. System performance parameters:
What parameters influence the performance of DAC+FM system and their effect on each sub-
system?

In order to understand the effect of external disturbances on the performance of DAC+FM system, the
impact on individual sub-system of DAC+FM system was evaluated.

5.1.1. DAC System:
In previous works at ZEF [26],[19], the parameters which affect the DAC performance were evaluated
in detail. The main parameters are listed below:

• Absorber Parameters:

– Ambient Temperature: The absorption of CO2 in the sorbent is an exothermic reaction and
is more favourable at lower temperatures [22]. Figure[5.1] shows the VLE loadings of CO2
in TEPA-H2O mixture for different temperature and CO2 partial pressure.

Figure 5.1: CO2 loading in 80%TEPA-20%H2O mixture for different temperatures. The dotted line at P=0.04 kPa is the partial
pressure of CO2 in atmosphere. CO2 loading in TEPA goes down with increase in temperature[19]

As can be seen from the graph, CO2 VLE loadings decrease with increase in temperature,
and thus the rich CO2 loading in the sorbent will be impacted by ambient temperature.

– Humidity: H2O loading in the sorbent is majorly affected by the absolute humidity of the
ambient air. The rate of absorption of H2O as compared to rate of CO2 absorption, is also
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an order of magnitude higher for the sorbent which has been selected by ZEF [26]. Figure
[5.2] depicts the impact of humidity on VLE loading of H2O in the sorbent.

Figure 5.2: Effect of absolute humidity on equilibrium water loading in the sorbent [26]

Moreover, the H2O loading in the sorbent affects the viscosity; viscosity of sorbent decreases
with increase in H2O loading and vice-versa. This has an impact on the power required to
pump the sorbent.

– Absorber area/length: This is a design parameter and does not change during the oper-
ation of the DAC system. The area/length of the absorber and the STY of CO2 and H2O,
determine the amount of each species that is absorbed as the sorbent moves through the
absorber.

– Sump Holdup: Sump holdup, or mass of sorbent acts as dampener for change in concen-
trations in the sump due to mixing of rich and lean sorbent streams. Higher the sump holdup,
more the dampening effect on sump concentrations [27].

• Desorber Parameters:

– Desorber feed flow rate: The feed flow rate to the desorber directly affects the production
from the DAC. At the same time, the energy required to heat up the feed also increases
with increase in feed flow rate, hence in order to control production, desorber flow rate and
reboiler power input should be varied in conjunction. The same in explained in section 5.3.1.

– Feed inlet temperature: Feed inlet temperature directly affects the reboiler power required
to heat up the feed to desorption temperature. The desorber feed passes through the heat
exchanger where it is heated up with hot lean sorbent exiting the desorber. Higher the feed
temperature, better the efficiency of the CO2 production.

– Desorber Temperature: Desorption of CO2 and H2O from the sorbent is favourable at
higher temperatures. Previous work by Dubhashi et.al, [27] has showed that higher desorber
temperatures, lower lean loadings are possible at lower holdup time.
However, at higher temperature (≈ 120oC) sorbent degradation also becomes prominent.
For ZEF’s DAC system, maximum temperature of 120oC has been selected as the target to
ensure degradation remains within limits.
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– Sorbent Holdup: Sorbent holdup in the desorber constitutes a major portion of system
thermal mass which needs to be heated up to desorption temperature. This also determines
the hold up time of sorbent in desorber.

– System pressure: System pressure determines the VLE conditions in the desorber. Pre-
vious work at ZEF [57],[27], showed that by increasing the system pressure the top ratio
and energy requirement of the DAC system can be improved at fixed desorber temperature.
However, for as per ZEF’s requirement the target is to operate the desorber at atmospheric
pressure in-order to simplify the overall system and reduce the failure points in the system.

However, for ZEF DAC system, target is to operate at atmospheric pressure. Operating at
atmospheric pressure simplifies the entire system as it eliminates the requirement of pumps
and valves to maintain high pressure in the system; thereby reducing the failure points in
the DAC system.

Appendix C contains more detailed information on the same

• DAC Flash Tank Parameters:

– DAC Desorber outlet: DAC desorber outlet is the input and the external disturbance for
flash tank system.

– Flash tank volume: Volume of flash tank is inversely related to the pressure fluctuation in
flash tank, i.e., higher the volume lower the pressure fluctuation.

– Flash tank temperature: Flash tank temperature influences the vapour-liquid fraction of
CO2 and H2O in the flash tank. At higher temperature, the fraction of H2O in the vapour
phase is higher and vice-versa.

Appendix C contains more detailed information on the same

5.1.2. FM System:
• DAC Vapour fraction: Vapour fraction in DAC flash tank is the input and an external disturbance
for the compressor system.

• Compressor capacity: Mass flow rate of the compressor is directly related to compressor ca-
pacity, i.e., swept volume per stroke. Higher the capacity, higher the volumetric/mass flow rate
of compressor.

• Compressor Speed range: The minimum and maximum operating speed of the compressor is
determined by the manufacturer. This determines the operating range of the compressor.

• Response time: Compressor response time is the time taken by the compressor to reach steady
state when compressor speed is changed from one speed to another. Higher the response time,
longer the time taken by compressor to reach steady state.

5.1.3. Summary:

Figure[5.3] below depicts the parameters which affect the performance of the DAC+FM system.
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Figure 5.3: Parameters which affect the performance of the DAC+FM system
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5.2. Operational scenarios for DAC+FM system:
What are the operating scenarios under which ZEF DAC+FM system will operate and what pro-
cess constraints are associated with operation under these scenarios?

For determining the operating scenarios of the DAC+FM sub-system, the operation limit for each sub-
system was first identified.

5.2.1. DAC System:

For the DAC system, the external disturbances and process parameters which affect the system per-
formance and output have been mentioned in section 5.1.1. The combination of these external distur-
bances, i.e., Absolute humidity and ambient temperature and process parameters i.e., desorber feed
flow rate and desorber temperature/heat input will result in the following operational scenario for the
DAC system. Figure 5.4 summarises the operational scenario for the DAC system, which have been
explained in detail in the next section.

Figure 5.4: DAC Operational scenarios

High Production/Ramp-up:

One of the operational scenarios for the DAC system is high production/production ramp-up of DAC.
The same is described in Table[5.1] below.

Table 5.1: External disturbance like High humidity, low ambient temperature will result in higher rich H2O and CO2 loading in
the sorbent which will result in higher desorber output. Similarly, increase in sorbent feed to the desorber and/or heat

input/desorber temperature will also increase the desorber output

Parameter Condition Effect

Humidity High humidity:
High H2O rich loading

High DAC outputTemperature Low temperature:
High CO2 rich loading

Mass flow Increase in desorber mass flow
(*constant desorber temperature)

Desorber Heat Input Higher heat input
(*constant mass flow)

Low Production/Ramp-down:

Another operational scenario for the DAC system is lower production/production ramp-down of DAC.
The same is described in Table[5.2] below.
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Table 5.2: External disturbance like low humidity, high ambient temperature will result in low rich H2O and CO2 loading in the
sorbent which will result in lower desorber output. Similarly, reducing sorbent feed to the desorber and/or heat input/desorber

temperature will also decrease the desorber output

Parameter Condition Effect

Humidity Low humidity:
Low H2O rich loading

Low DAC outputTemperature High temperature:
Low CO2 rich loading

Mass flow Lower desorber mass flow
(*constant desorber temperature)

Desorber Heat Input Lower heat input
(*constant mass flow)

System Shutdown:

Shutdown of the DAC system, which can be due to end of production period, power unavailability or
downstream system issue is another operational scenario the DAC system will encounter. Figure 5.5
depicts the scenario of DAC system shutdown.

After system shutdown, as the desorber cools down the evaporated H2Owill start condensing, followed
by re absorption of desorbed CO2. If the system is leak tight, then this will result in suction pressure
(below atmospheric) in the system, else if the system is not leak tight, then air will be drawn in the
system to take place of the condensed/re-absorbed vapour. Figure 5.5 depicts the scenario of DAC
system shutdown.

Figure 5.5: DAC shutdown will result in cooling down of the desorber which will result in condensation of H2O vapour and re
absorption of CO2 in the sorbent. This will ultimately result in suction pressure in the system if it is leak tight, else it result in air

being drawn into the system

DAC Operation limit: For the operational limits, maximum production rate for CO2 was considered
1.5 times the average daily production target for CO2 while the minimum rate was considered as the
no production condition. This gives the operation range for CO2 output from DAC, tabulated in Table
5.3 below.
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Table 5.3: DAC Desorber Operation range

Parameter Description Value Unit

CO2max Maximum CO2 production rate from DAC 3.26E-3 [mol s−1]

CO2target Target CO2 production rate from DAC 2.17E-3 [mol s−1]

CO2min Minimum CO2 production rate from DAC 0 [mol s−1]

5.2.2. FM System:

For the FM sub-system the operational limits is set as the compressor operation limit. The same was
determined experimentally at ZEF. The compressor specification finalised by the FM team at ZEF are
mentioned in Table[1.3]. For this compressor, the minimum and maximum flow rate was determined
experimentally at ZEF, which will be used as the operational limit for the FM system, shown in Table
5.4 below.

Table 5.4: FM Compressor Operation range

Parameter Description Value Unit

ńcmpr−max Max Compressor flow rate 7.92E-3 [mol s−1]

ńcmpr−min Min Compressor flow rate 3.17E-3 [mol s−1]

5.2.3. DAC+FM system

From Table 5.3 and 5.4 it can be seen that there is a range of DAC and Compressor operation, for which
there is a mismatch between minimum compressor flow rate and DAC production rate. The same is
shown in Figure5.6 below.

Figure 5.6: DAC Production and Compressor operation range. It can be seen that there is a very small zone of overlap
between them. Thus, if DAC production is lower than the minimum compressor operation zone, then for this region there will be

more flow drawn by FM sub-system from the DAC flash tank than flow entering flash tank from DAC desorber.
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• If DAC production is lower than the minimum compressor operation limit, then for this region there
will be more flow drawn by FM sub-system from the DAC flash tank than flow entering flash tank
from DAC desorber; this will result in suction pressure in the DAC system.

• If the compressor remains off during the period where DAC production is below compressor mini-
mum operation, then it will result in more flow into the flash tank, resulting in high pressure in the
DAC system.

A possible solution for this is to run the compressor in intermittent manner, (ON-OFF control). However,
the same is not desirable, as repeated On-Off compressor operation can result in excessive wear in
compressor resulting in reduction in compressor lifetime.

The process constraints that integrated DAC+FM system will encounter is described below:

Sorbent overflow due to high pressure:

This operational scenario will arise when production from DAC is accompanied with compressor oper-
ating at mass flow lower than DAC production (or compressor malfunction).

This will result in higher pressure in the DAC system as accumulation will take place in DAC flash tank,
and in worst case will lead to sorbent from desorber being purged out due to pressure on liquid column.
The maximum pressure limit is determined by the sorbent level in the desorber (4.2.2).

Figure 5.7 depicts the scenario described above.

Figure 5.7: Operational scenario which will result in high pressure in the DAC system which in worst case will result in sorbent
being purged out of desorber

Sorbent drawn in due to low pressure:

This operational scenario will arise when production from DAC is accompanied with compressor oper-
ating at mass flow higher than DAC production.

This will result in suction pressure in the DAC system as more moles will be removed from flash tank
by compressor than being added by Desorber. In worst case, it will lead to sorbent overflowing from
desorber to the flash tank or air being drawn in from overflow port depending on gas height in desorber
column and height of overflow port from sump (4.2.2).

Figure 5.8 depicts the scenario described above.
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Figure 5.8: Operational scenario which will result in low pressure in the DAC system which in worst case will result in sorbent
being drawn into DAC flash tank

System Shutdown:
As described previously 5.2.1, system shutdown will result in negative pressure in the system due
condensation of evaporated H2O vapour and re-absorption of desorbed CO2.

The maximum drop in pressure for safety limits is same as for previous point, i.e., 20mbar below atmo-
spheric pressure, while ZEF target for the same was set at 5mbar below atmospheric pressure.

Figure 5.9 depicts the scenario described above.

Figure 5.9: System shutdown will result in low pressure in (leak tight) DAC system which in worst case will result in sorbent
being drawn into DAC flash tank
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5.3. Control strategies for DAC+FM system operation:
What control strategies can be used to ensure ZEF target performance levels are met for the
identified operating scenarios?

In order to control the DAC+FM system under required target limits, different control schemes were
developed. The scheme developed for the Flash tank pressure control was validated using the experi-
mental test setup (described in Chapter 4), while the other control schemes for DAC production control
was developed using the system model described in Chapter3. The control schemes are described in
detail in the next sections.

5.3.1. DAC Production Control:

An ideal control scheme for the DAC system would involve controlling the production at required target
level and maintaining the energy requirement to low levels. In order check the feasibility of the same,
a control scheme was designed through which the DAC production can be controlled by varying ratio
of Mfeed and Qreboiler, (MQ ).

The same is explained in Figure[5.10] below; consider a DAC system operating at steady state generat-
ing 1X output. The net DAC output can be doubled, by having two such systems, which is analogous to
doubling the mass flow and reboiler power to the single system, considering other parameters remain
the same.

Figure 5.10: The production of a DAC system operating under steady state can be doubled by having two of the same system.
This situation is analogous to doubling the mass flow and reboiler power to the single system considering other parameters of
the desorber are not changed. Thus by varying Mfeed and Qreboiler , production can be ramped up/down provided (MQ ) ratio

remains same

The same has been demonstrated for two different humidity conditions below. The humidity conditions
chosen are low humidity of 0.005 kgm−3 and high humidity of 0.02 kgm−3, based on the yearly variation
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in humidity as observed in Sahara climate [27].

• Low Humidity condition:

For this case, it has been assumed that humidity values are low (0.005 kgm−3) and remain con-
stant during the operation. The results obtained for scenario is shown in Figure[5.11] below.

– The operating zone for DAC operation is limited to M
Q ratio of 2.8E-5 to 1E-4 [(mol/J)]. This

range is quite small compared to high humidity operation (5.12).

– It is possible to achieve targetCO2 production of 2.17E-3 and energy requirement of ≤ 400
kJ/mol CO2 for M

Q ratio of 2.8E-5 to 4E-5 [(mol/J)].However, for the same operating range
H2O production is much lower than target because of low humidity and low water loadings.

– Thus it is possible to control the CO2 output and energy output of DAC for low humidity
condition, but the H2O production and thus the top ratio target cannot be achieved.

• High Humidity condition:

For this case, it has been assumed that humidity values are high (0.02 kgm−3) and remain con-
stant during the operation. The results obtained for scenario is shown in Figure[5.12] below

– The operating zone DAC operation is limited to M
Q ratio of 1E-5 to 3E-4 [(mol/J)]. This range

is much higher compared to low humidity operation (5.11).

– It is possible to achieve targetCO2 production of 2.17E-3 mol/s for M
Q ratio of 1.5E-5 to 4.7E-5

[(mol/J)]. While energy requirement target is achieved for M
Q ratio of 4.7E-5 to 9E-5 [(mol/J)].

H2O production target is achieved for M
Q ratio of 7.2E-5 to 3E-4 [(mol/J)].

– In summary there is amismatch between the M
Q ratio where production target can be achieved

and when efficient operation can be ensured. Further, because of high humidity, H2O pro-
duction is high and thus top ratio at DAC outlet is always higher than target of 3:1.
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Figure 5.11: For low humidity condition (AH=5E-3 kg−3), the operation window with DAC production is small. Within this
operation zone, it is possible to achieve CO2 production and energy requirement target, however H2O production is too low

and thus top ratio target cannot be achieved even at higher mass flows
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Figure 5.12: For high humidity condition (AH=20E-3 kg m−3), the operation window with DAC production is relatively larger.
Within this operation zone, it is possible to achieve CO2 production and energy requirement target, however H2O production is

too high due to higher water loading and thus top ratio greater than target is achieved
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5.3.2. Flash Tank Pressure control:
The flash tank pressure control loop works to control the pressure in the flash tank by simultaneous
operation of the Compressor and Bypass solenoid valve.
The compressor is operated using PID control and draws vapour from the flash tank and compresses
and stores it in the buffer tank. From the buffer tank, a solenoid bypass valve is connected back to
flash tank and operates based on flash tank pressure to control the pressure. In this way, the pressure
is maintained in flash tank and continuous operation of the compressor is ensured.

The H2O collected in the flash tank is periodically drained out via a solenoid valve which is operated
based on the level sensor in the flash tank. This ensures that a minimum gas volume is always present
in the flash tank which is necessary for the pressure control.

Schematic of the control developed for the flash tank pressure control is depicted in Figure[5.13] below.

Figure 5.13: Flash tank pressure control loop

The main requirement for the flash tank pressure control model is to maintain the pressure in the flash
tank to ±5 mbar relative to atmospheric pressure (as described in section 4.2.2).

The control scheme developed for the same is as shown in Figure[5.14] below.

The working of the control scheme is explained below:

• The control is activated, when Pressure in the flash tank exceeds user defined threshold (Pon)
and is deactivated if the pressure falls below a defined threshold (Poff ).

• Once the control is active, then if the flash tank pressure is higher than control threshold (PControlhigh),
then compressor (FM system) is operated using PID control to reduce the pressure in the flash
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Figure 5.14: Flash tank pressure control scheme

tank. If the pressure is lower than control threshold (PControlhigh) but higher than switch-off thresh-
old (Poff ), then compressor will operate at its minimum operating condition.

• For the bypass valve control, if the pressure in the flash tank is lower than bypass low threshold
(PLow−bypass), then solenoid valve of the bypass control from buffer tank to flash tank is turned
on. The solenoid valve turns off if the pressure in flash tank is higher than bypass high threshold
(Phigh−bypass).

Other control schemes evaluated during the work are described in Appendix A.
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5.4. Optimum Control Strategy for DAC+FM system:
What is the optimum control strategy for the operation of DAC+FM system which meets the
ZEF’s requirements?

The control strategy, described in the the previous section for DAC production control (5.3.1) and flash
tank pressure control (5.3.2) can be used together to operate DAC+FM system as per ZEF’s require-
ment. The same is described in the next section.

5.4.1. DAC production control for varying humidity condition:

In order to check the feasibility of the control for varying humidity conditions, the control scheme was
validated on a day’s humidity data captured during experiments on MiniDAC setup. The humidity data
for the day and corresponding H2O rich loadings as predicted by the absorber model is shown in Fig-
ure[5.15] below:
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Figure 5.15: Variation in rich H2O loading in the sump with absolute humidity as predicted by integrated system model. The
humidity value ranges from 12E-3 to 9E-3 kgm−3 during the day and to simplify the control scheme, average humidity value for

every hour is considered as input. The same is mentioned for each hour in the figure

Control scheme for the same to get achieve target production, efficiency and top ratio is described as
below:

• DAC Operation 0-1hours:
Average humidity level for this time is taken as 11.8E-3 kg/m3. The performance for the chosen
M
Q ratio is shown in Figure[5.16] and Table[5.5]below.
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Figure 5.16: DAC production and energy requirement for humidity level of 11.8E-3 kg/m3. At chosen M
Q

ratio (shown in red *
on the graph), CO2 production, H2O production and energy requirement targets are being met; however because of the

humidity condition, the top ratio is higher than 3.

Table 5.5: DAC production summary for 0-1hour of operation

Parameter Description Value Unit
Ḿfeed Desorber feed flow rate 5.5E-2 [mols−1]
Q́reboiler Reboiler input 900 [W]
Top ratio Top ratio (H2O:CO2) 3.5:1 [-]
Ereq Energy required 334.1 [kJ/mol CO2]
nCO2 Moles CO2 produced 9.7 [mol CO2]
nH2O Moles H2O produced 34.2 [mol H2O]

• DAC Operation 1-4hours:
Average humidity level for this time is taken as 11.2E-3 kg/m3. The performance for the chosen
M
Q ratio is shown in Figure[5.17] and able[5.6]below.
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Figure 5.17: DAC production and energy requirement for humidity level of 11.2E-3 kg/m3. At chosen M
Q

ratio (shown in red *
on the graph), CO2 production, H2O production and energy requirement targets are being met; however similar to 5.16,

because of the humidity condition, the top ratio is higher than 3

Table 5.6: DAC production summary for 1-4hour of operation

Parameter Description Value Unit
Ḿfeed Desorber feed flow rate 5.5E-2 [mols−1]
Q́reboiler Reboiler input 950 [W]
Top ratio Top ratio (H2O:CO2) 3.1:1 [-]
Ereq Energy required 322 [kJ/mol CO2]
nCO2 Moles CO2 produced 31.2 [mol CO2]
nH2O Moles H2O produced 98.3 [mol H2O]

• DAC Operation 4-5hours:
Average humidity level for this time is taken as 10.5E-3 kg/m3. The performance for the chosen
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M
Q ratio is shown in Figure[5.18] and Table[5.7]below.
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Figure 5.18: DAC production and energy requirement for humidity level of 10.2E-3 kg/m3. At chosen M
Q

ratio (shown in red *
on the graph), CO2 production and H2O production and energy requirement targets are being met; however because of the

humidity condition, the top ratio is lower than 3

Table 5.7: DAC production summary for 4-5hour of operation

Parameter Description Value Unit
Ḿfeed Desorber feed flow rate 5.5E-2 [mols−1]
Q́reboiler Reboiler input 900 [W]
Top ratio Top ratio (H2O:CO2) 2.41:1 [-]
Ereq Energy required 304 [kJ/mol CO2]
nCO2 Moles CO2 produced 10.6 [mol CO2]
nH2O Moles H2O produced 25.6 [mol H2O]
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• DAC Operation 5-6hours:
Average humidity level for this time is taken as 9.5E-3 kg/m3. The performance for the chosen
M
Q ratio is shown in Figure[5.19] and Table[5.8]below:
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Figure 5.19: DAC production and energy requirement for humidity level of 10.2E-3 kg/m3. At chosen M
Q

ratio (shown in red *
on the graph), CO2 production and H2O production and energy requirement targets are being met; however because of the

humidity condition, the top ratio is lower than 3

Table 5.8: DAC production summary for 5-6hour of operation

Parameter Description Value Unit
Ḿfeed Desorber feed flow rate 5.5E-2 [mols−1]
Q́reboiler Reboiler input 800 [W]
Top ratio Top ratio (H2O:CO2) 1.85:1 [-]
Ereq Energy required 298 [kJ/mol CO2]
nCO2 Moles CO2 produced 9.7 [mol CO2]
nH2O Moles H2O produced 18 [mol H2O]

• Total DAC production:
Summary of 6 hour DAC operation is tabulated in Table[5.9] below:
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Table 5.9: DAC production summary 6 hour operation

Parameter Description Value Unit
nCO2net Net moles CO2 produced 61.9 [mol CO2/day(6h)]
nH2Onet Net moles H2O produced 176.1 [mol H2O/day(6h)]
Einput Net energy input 5.45 kWh/day(6h)]

5.4.2. Flash tank pressure control scheme:

The control scheme was validated on the MiniDAC test setup (described in Chapter4). The results are
shown below:

• Startup and Steady-state operation: In the MiniDAC setup, flash tank pressure control was
implemented (4.2.2) and the setup was in startup- steady state operation for ≈ 2 hours.

System behaviour of MiniDAC setup with Flash tank control is shown in Figure[5.20] and [5.21]be-
low:
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Figure 5.20: The figure on top shows the temperature variation in desorber of MiniDAC test setup during startup and steady
state operation
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Figure 5.21: Pressure Control in flash tank in the highlighted region from 5.20.As can be seen, when pressure increase above
a threshold, PUMP-PID gets activated and pressure is reduced; and as pressure drops below a threshold, Bypass valve gets

activated and pressure is increased

The results of the test to validate the control scheme are tabulated in Table [5.10] below:

Table 5.10: Results for Startup and Steady-state operation of MiniDAC setup with Flash tank pressure control

Parameter Description Value Unit
PflashMax Max flash tank pressure (above Patm) 4.26 [mbar]
PflashMin Min flash tank pressure (below to Patm) 4.12 [mbar]
nCO2Cmpr Net moles CO2 compressed 4.96E-2 [mol CO2]
nCO2Byp Net moles CO2 purged back via bypass 1.49E-2 [mol CO2]
nCO2net Net moles CO2 captured 3.47E-2 [mol CO2]

Extrapolating this data for final ZEF setup:

– In the final system, being developed at ZEF, the difference between target DAC production
rate and minimum compressor flow rate (5.2.3) is 1E-3 mol CO2s−1.

– This implies that 1E-3 mol CO2s−1 will have to be bypassed from buffer tank to flash tank to
control the pressure.

– This bypass rate corresponds to ≈ 43% of captured CO2 being purged back to flash tank.
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• Shutdown operation: During shutdown operation the system behaviour is shown in Figure[5.22]
and [5.23] below:
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Figure 5.22: The figure on top shows the temperature of the MiniDAC desorber at different points of column during shutdown
of MiniDAC setup. As the desorber cools down, pressure in the system drops (due to H2O condensation) and this pressure is

controlled by purging captured CO2 from buffer tank to flash tank. The same is shown in figure at the bottom. Pressure
fluctuation in the flash tank, remains within the target of ± 5mbar with flash tank pressure control. The highlighted region is

shown in Figure[5.23] in more detail
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Figure 5.23: Pressure Control in flash tank in the highlighted region from 5.22.As can be seen, when pressure drops below a
threshold, bypass valve gets activated and pressure is increased
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The results of the test to validate the control scheme during shutdown operation are tabulated in
Table [5.11] below:

Table 5.11: Results for shutdown operation of MiniDAC setup with Flash tank pressure control

Parameter Description Value Unit
PflashMax Max flash tank pressure (above Patm) 2.03 [mbar]
PflashMin Min flash tank pressure (below to Patm) 1.25 [mbar]
nCO2net Net moles CO2 captured (during startup and steady state) 3.47E-2 [mol CO2]
nCO2Byp Net moles CO2 purged back via bypass (shutdown) 1.48E-2 [mol CO2]
nCO2net Net moles CO2 captured 1.98E-2 [mol CO2]

Extrapolating this data for final ZEF setup:

– In the final system, being developed at ZEF, desorber and flash tank volume is ≈7 times
higher than in MiniDAC. This implies that net CO2 required to maintain target pressure in
DAC system will be ≈ 7 times higher than CO2 required for MiniDAC setup, i.e. 1.05E-1 mol
CO2.

– Net CO2 produced in MiniDAC is 4.96E-2 in the total operation time for the experiment (≈2.8
hours). In the same time, the final setup average production will be 21.7 mol CO2.

– This implies in the final setup≈ 0.5%of CO2 producedwill have to be purged back tomaintain
system pressure at the same target level as MiniDAC.
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6
Conclusions

6.1. System performance:
The main parameters which affect the performance of different sub-system of DAC and FM system are
mentioned below:

• DAC absorber performance is affected by variation in ambient conditions (temperature and hu-
midity). H2O absorption in the sorbent is mainly governed by humidity and while change in tem-
perature affects the loading of CO2 in the sorbent.

• Sump acts as dampener for the variation in sorbent loading due tomixing of rich and lean sorbents.
Higher the sump initial loading, slower will be change in sorbent composition over the course of
DAC operation.

• DAC Desorber performance is dynamically affected by the composition and amount of rich feed
entering the desorber and heat input from the reboiler. System pressure also affects the perfor-
mance as VLE is impacted by change in pressure.

The temperature of feed and sorbent holdup in the desorber impact the power requirement as
they constitute the major thermal mass of the system which is to be heated up for desorption.

• Flash tank performance is affected by the temperature of the tank and the volume of the tank.
The fraction of H2O in vapour form increases with temperature and thus will impact the dehumid-
ification requirement of the FM system.

Pressure in flash tank is a function of the tank volume; higher the volume, lower the pressure
fluctuations in the system. During dynamic operation, the pressure is regulated by FM system
flow rate.

• Compressor performance is directly governed by the compressor capacity, speed and corre-
sponding mass flow rates. The compressor can only operate in a fixed range of compressor
speed which limits the minimum and maximum flow rate of the system.

6.2. Operational Scenarios:
The operational scenarios for the DAC+FM system operation is governed by the operating range of the
respective sub-systems. In current ZEF system, there is a large mismatch between operating range of
DAC and FM system because of which there are three main operating scenarios which the integrated
system will encounter.

• High DAC production/High Pressure: If the DAC output is higher than compressor mass flow
rate, then because of accumulation of vapour in DAC flash tank will result in higher system pres-
sure.
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This will result in sorbent being pushed out from desorber due to static pressure on liquid column
and in worst case will result in all sorbent being purged out of desorber.

• Low DAC production/Low pressure: If DAC output is lower than compressor flow rate, this will
result in more vapour being drawn out of flash tank than entering from DAC output and will cause
negative pressure (lower than atmospheric pressure) in the system.

The negative pressure will result in more sorbent being drawn into desorber from overflow port
and in worst case can result in overflow of sorbent from desorber to flash tank or air drawn in to
desorber from overflow port.

• DAC Shutdown: Cooling down of desorber after shutdown will result in re-condensation of H2O
vapours and re-absorption of desorbed CO2 (still in desorber) back into sorbent. This will result
in negative vapour pressure in the desorber system and can result in situation like ’low produc-
tion/low pressure’ condition described above.

6.3. Control Schemes:
• DAC Production control:

– Operation range controlled by water loading in sorbent: One of the major takeawaya
from this control scheme is that operation DAC system is mainly governed by water loading
in the sorbent, which in turn is affected majorly by absolute humidity in the atmosphere.

– Water production vs Humidity: At very low humidity conditions, (5E-3 kgm−3), it is not
possible to meet H2O production targets at any M

Q ratio with desorber maximum temperature
limitation of 120o C.

On the other hand, for high humidity conditions, the H2O production is much higher and for
all M

Q values, the ratio of H2O
CO2

is always higher than target of 3:1.

– Vary top ratio target: As described in above point, H2O production is largely dependent
on humidity conditions, which varies throughout the day. Hence it is more preferable to
have a variable top ratio target depending on humidity condition so as to have average daily
production in the ratio 3:1 (as shown in 5.4.1).

• Flash Tank pressure control:

– BypassControl: The control systemwith compressor/pump operating at its minimum speed
or above, coupled with bypass valve from buffer tank to flash tank, is able to control the
pressure in the flash tank to target of ±5mbar relative to atmospheric pressure.

– CO2 bypass:

* Startup-Steady state operation: With current ZEF configuration, the mismatch in DAC
production and compressor operation range the amount of CO2 needed to be bypassed
from buffer tank to flash tank will be ≈ 43% of total CO2 production from DAC.

* DAC Shutdown: Extrapolating the experiment data on MiniDAC for final ZEF setup, we
get that ≈0.5% of CO2 captured by DAC system will have to be purged back to maintain
system pressure in the system after shutdown.
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7
Recommendations

7.1. Design Recommendations:

• Sorbent-Diluent ratio: For the current sorbent diluent ratio, the sensitivity of variations in water
loading with humidity and corresponding vapour pressure change in high 7.1. This makes con-
trolling both top ratio and total production at target limit extremely difficult. More research should
be done to identify sorbent diluent mixtures with less sensitivity in change in vapour pressure with
loading.

Figure 7.1: Vapour curve for TEPA-H2O VLE mixture. It can be seen that ≈10% increase in H2O loading in the sorbent, results
in ≈30% increase in H2O vapour pressure [19]

• Impact of CO2 purge back to control negative pressure: The control scheme developed for
control of negative pressure in the system due to mis match between DAC production and com-
pressor flow rate (5.2.3). This will require ≈43% of captured CO2 to be purged back to maintain
the pressure based on current DAC production and compressor mass flow rate. Hence to avoid
this loss in net production and efficiency, it is important to match DAC output and compressor
flow rates.

This can be done by either using a compressor with smaller minimum mass flow rate or by in-
creasing DAC production rate.
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• Production control scheme: The production control scheme gives an indication of how the M
Q

ratio can be used to ramp up/down DAC production. However, in order to implement the control
in actual plant control it is required to include heat losses, heat/mass transfer limitation effects
and dynamic effect of change in sorbent loading to get a more realistic picture of the control.

7.2. Model Recommendations:
7.2.1. Absorber Model:

• More accurate CO2 STY curve: The space time yield (STY) curve used for CO2 is based on
assumption that the rate of change of CO2 partial pressure with VLE loading remains constant
which is not valid for the entire range of operation. To accurately determine the dependence of
CO2 STY on ambient temperature, more experimental data at controlled temperature and humid-
ity condition should be performed.

• Effect of viscosity: The effect of viscosity on absorption of CO2 and H2O has been neglected in
the model. However, viscosity affects the residence time of sorbent in the absorber and will also
impact the diffusion of CO2 and H2O into the sorbent. Further, change in ambient temperature
and water loading in the sorbent also affects the viscosity of the sorbent. Hence it is necessary
to include the effect of viscosity in the absorber model to improve the dynamic response of the
model.

• Degradationmodel: Oxidative degradation takes place can take place in the absorber as the sor-
bent is exposed to air. Since the sorbent residence time in the absorber is much higher compared
to residence time in desorber, hence oxidative degradation will be prominent in the absorber. Con-
sequently, it is desirable to include the degradation effect due to oxygen in the absorber model
which can then be used to predict sorbent lifetime.

7.2.2. Desorber Model:

• VLEdata for low temperature: The desorbermodel uses extrapolation of experimental VLE data
which is valid for temperatures higher than ≈100 oC which is then extended to predict desorber
VLE conditions for lower temperatures as well. Hence in order to improve accuracy desorber
model at lower temperatures, experimental data for lower temperatures is also required which
should then be incorporated into the model.

• Estimation of desorber pressure: Currently the desorber model, requires pressure as input
to determine VLE composition at each time step. The limitation of this is that during system
shutdown, the model cannot predict the negative pressure developed due to re-condensation
of H2O as desorber temperature goes down. The model can be improved instead to use the
temperature data to predict the vapour pressure of the system and then can be used to model
the negative pressure observed during system shutdown.

• Heat Exchanger for Desorber feed: In the current model, heat exchanger which heats up the
incoming rich feed to the desorber using the heat from outgoing lean sorbent has not been mod-
elled. Including the heat exchanger will make the desorber model more complete.

• Volatility of TEPA-PEG: Desorber model assumes that TEPA and PEG are non-volatile mixtures
and vapour phase is a binary mixture of CO2 and H2O. In reality, some TEPA and PEG will
also evaporate and the same should also be incorporated in the model by first experimentally
determining the extent of TEPA PEG evaporation.
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7.2. Model Recommendations: CONFIDENTIAL

• Effect of pressure fluctuation on sorbent level in desorber: The pressure fluctuation in the
system due to DAC and FM interaction has been included only to calculate the VLE composition
in the desorber stages. However, in reality the pressure fluctuation will alter the liquid level in the
desorber, which in turn will change the thermal mass in the system. Hence the effect on liquid
level in the desorber due to pressure fluctuation should be included in the model.

7.2.3. FM Model:

• Integration of drying system model: The vapour from DAC flash tank is assumed to be pure
CO2; however in reality depending on flash tank temperature, it can contain significant amount
of H2O. Depending on the drying system technology finalised for ZEF system, the drying system
model should be integrated in the system to include the dynamics of the same.

• Compressor data with limit sample parts: The compressor model uses experimental curve
for mass flow rate and efficiency. However, the same is based on experimental results on a
single compressor. In order to have more accurate model, experiments should be performed
with minimum and maximum tolerance sample in terms of leakages to get more robust model.

• Compressor response time: The compressor response time used in the model is based on
experimental results on different make of compressor than the one finally being used in the FM
system. Hence the experiments to check the response time for different compressor speeds
should be performed and the same should be included in the model.

• Joule-Thomson cooling due to expansion using capillary: The capillary tubes used in the
system will result in cooling down of CO2 stream when it is purged from high pressure to low
pressure due to Joule-Thomson cooling. The effect of same should be included in the model.
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A
Experimental setup and results

A.1. Flash tank setup:
The flash tank setup to control the MiniDAC system pressure to target level as described in 4.3, went
through multiple iterations before the final configuration (4.1.2) was fixed. The same have been de-
scribed below.

A.1.1. Compressor/Pump ’On-Off’ control:

The P&ID of the control scheme is shown in Figure [A.1]. For this control, the pump was operated in
’On/Off’ control mode.

Figure A.1: P&ID of the ’On-Off’ control for flash tank pressure control. The pump operation was controlled using PID controller
for which system pressure was the input. If system pressure was higher than threshold then pump would operate based on PID

controller to bring the pressure down to target level and if pressure was below a threshold, the pump would turn off.

Using this control, the pressure fluctuation in the flash tank was maintained within the target level of ±
5mbar relative to atmospheric pressure as shown in Figure[A.2] and [A.3].

Drawback:
Th ’On-Off’ control configuration was not used as the final one based on below mentioned reasons:
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A.1. Flash tank setup: CONFIDENTIAL

Figure A.2: The pressure is maintained between target of ±5mbar relative to atmospheric pressure with pump operated in
On-Off mode using PID controller

Figure A.3: The PID controller operates the pump between 0-1 (Off-On) mode and is able to control pressure to required target
level

• Although the control worked as per requirement, the configuration was unsuitable as this involved
operating the pump in repeated on-off operation mode. Using this control with a compressor
would lead to deterioration of compressor lifetime as repeated on-off operation leads to wear in
compressor.
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A.1. Flash tank setup: CONFIDENTIAL

• Further, the compressor can only operate above a minimum compressor speed as specified by
the manufacturer. Hence the on-off control was deemed unsuitable for final implementation on
the integrated DAC+FM system.

• During shutdown, as the desorber cooled down, the water vapour in the system re-condenses,
resulting in negative pressure in the system. The same is shown in Figure[A.4] below.

Figure A.4: As desorber cools down the water vapour re-condenses resulting in negative pressure in the system

This cannot be controlled using the on-off control strategy.

A.1.2. Bypass Control:
The next configuration was designed to tackle the issue of having to repeatedly turn the pump/compressor
On and Off and operating the compressor above a minimum operating speed.

For this the pump operation was limited between 1 (maximum power) and a minimum power (0) thresh-
old to simulate compressor operation between rated minimum and maximum operating speed. In order
to ensure that pressure in the flash tank doesn’t drop below the 5mbar threshold (below atmospheric
pressure), a part of pump outlet was routed back to the flash tank via a solenoid valve. The operation
of the valve was also controlled based on system pressure.

The P&ID of the configuration is shown below in Figure[A.5].
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A.1. Flash tank setup: CONFIDENTIAL

Figure A.5: P&ID of the bypass control for flash tank pressure control. The pump operation was controlled using PID controller
between 1 and minimum power ( 0) to simulate compressor operation between minimum and maximum rated speed. Further a

part of pump output was bypassed back to flash tank via solenoid valve to maintain flash tank pressure..

Using this control, the pressure fluctuation in the flash tank was maintained within the target level of ±
5mbar relative to atmospheric pressure as shown in Figure[A.6] and [A.7].

Figure A.6: The pressure is maintained between target of ±5mbar relative to atmospheric pressure with pump operated in
On-Off mode using PID controller
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A.2. MiniDAC Test Results: CONFIDENTIAL

Figure A.7: The PID controller operates the pump between 0-1 (Off-On) mode and is able to control pressure to required target
level

Drawback:

The bypass control worked to control the pressure during startup and steady-state operation. However,
the issue of negative pressure after shutdown cannot be controlled using this control.

In order to control the negative pressure(A.4), the final control scheme (described in 4.3) was devel-
oped.

A.2. MiniDAC Test Results:
A.2.1. Desorber Test Results:

The test results obtained for desorber operation of MiniDAC under steady state is given below in Table
[A.1]

Table A.1: MiniDAC desorber steady state operation results

Parameter Description Value Unit
mfeed Desorber feed flow rate 1.4 [g sorbet/min]
Ppump Sorbent pump power input 21 [W]
Pheater Heater power input (Steady state) 50 [W]
RichCO2 Average Rich CO2 loading 4.4 [ molCO2

kgTEPA ]
LeanCO2 Average lean CO2 loading 0.56 [ molCO2

kgTEPA ]
Cyc CapCO2 Average cyclic capacity CO2 loading 3.84 [ molCO2

kgTEPA ]
Ereq Average energy required for CO2 capture 2865 [ kJ

molCO2
]

A.2.2. CO2 Purity test:

In order to measure the purity of CO2 output from MiniDAC, Haffman’s CO2 purity tester was used. The
specifications and accuracy of the equipment can be found at [56].
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A.3. Measurement Equipment: CONFIDENTIAL

The results of CO2 purity test are shown below in Table [A.2] and Figure [A.8]

Table A.2: Purity measurement of CO2 output from MiniDAC

Parameter Description Value Unit
CO2 purity MiniDAC Purity at MiniDAC outlet 99.5 [% (v/v)]
CO2 purity MiniDAC (ZEF 8) Purity at MiniDAC outlet (2021) 99.7 [% (v/v)]
CO2 purity model Purity from MiniDAC model 99 [% (v/v)]

Figure A.8: Purity of CO2 measured using Haffman’s CO2 purity tester

A.3. Measurement Equipment:
A.3.1. Fourier Transform Infrared Spectroscopy:

The analysis of rich and lean sorbent to quantify the composition of the sorbent was done using Fourier
transform infrared spectroscopy (FTIR). Infrared spectroscopy is the study of interaction of light with
matter; as a molecule absorbs infrared radiation, the chemical bonds present in the molecule begin to
vibrate by either stretching, contracting, wagging or bending [58].

Through FTIR analysis, plot of the intensity of the radiation against the wave number of the light is
generated. By analysing the position of the peaks, the intensities and the width of the spectrum the
nature or type of chemical bonds present inside the molecule can be identified.

For the MiniDAC experiments, the rich and lean sorbent samples were analysed using Agilent Cary 630
FTIR A.9. The FTIR spectrum was analysed using TQ Analyst software [59] which was calibrated using
reference samples of known concentration calibration curve for TEPA-PEG200-H2O-CO2 mixture.
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A.3. Measurement Equipment: CONFIDENTIAL

Figure A.9: FTIR Setup used for sorbent composition analysis during the experiments
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A.3. Measurement Equipment: CONFIDENTIAL

A.3.2. Flash Tank Pressure:
Flash tank pressure was measured using Honeywell Differential pressure sensor (24PCEFA6D) [60].
One side of the pressure sensor was kept open to atmosphere and the other end was connected to
flash tank to get the pressure of the flash tank relative to atmosphere. The accuracy of the same was
0.15%.

A.3.3. Humidity measurement:
For measurement of absolute humidity, Adafruit SHT31-D Temperature & Humidity Sensor was used.
The accuracy of the same was ±2% RH and ±0.3oC. [61]
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B
Appendix: Modelling Approach and Results

B.1. Absorber Model:
B.1.1. STY CO2:

The STY curve for CO2 is determined by extrapolation of experimentally obtained VLE data for CO2 in
TEPA-H2O mixture at ZEF.

The procedure for determining STY of CO2 at different temperature and CO2 loading in the sorbent is
shown in Figure[B.1] below.

Figure B.1: Calculation procedure for determining STY CO2 as function of temperature and an example STY curve for CO2
based on the described algorithm

The same procedure is implemented in the Absorber model and calculates the STY at every time step
based on input ambient temperature. Using this STY value, flow rate and composition of absorber inlet
and area of absorber, CO2 concentration in the outlet stream of absorber is determined.

B.1.2. STY H2O:

The STY curve used for H2O has been carried over from the previous work at ZEF by Dubhashi et. al.
[27].

The STY curve used for H2O is dependent on Humidity and current H2O loading in the sorbent. The
same is shown in Figure[B.2] below.
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B.1. Absorber Model: CONFIDENTIAL

Figure B.2: STY of H2O as a function of VLE H2O loading and current H2O loading in the sorbent

B.1.3. Absorber and sump model results:

Figure [B.3] shows the variation in rich loading of H2Oas calculated using the absorber and sumpmodel
with variation in humidity, simulated for typical weather condition observed during testing on MiniDAC
test setup at ZEF.

Figure B.3: Variation of rich H2O loading with humidity calculated using the absorber and sump model
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B.2. Desorber Model: CONFIDENTIAL

B.2. Desorber Model:
The desorber model results are shown in Figure [B.4] below.

Figure B.4: Figure shows how the temperature, liquid and vapour level vary in the two stages of the desorber model. The main
dynamic point shown in the figure are explained below

• A:As liquid holdup in top stage reaches its maximum, liquid starts to overflow to bottom stage.

• B:As vapour holdup in bottom stage reaches its maximum, vapour from bottom stage starts flow-
ing to top stage.

• C: As temperature increases and liquid in top stage starts changing to vapour, liquid flowing to
bottom stage decreases.

• D: As liquid to bottom stage decreases, the vapour flowing from bottom stage to top stage also
decreases.

• E: As vapour in top stage reaches its maximum holdup, it starts to overflow and exits the top
stage.

• F: Liquid overflow from top stage to bottom stage.

• G: This is same as point C. Liquid from stage top stage decreases as it starts changing to vapour
in top stage.

100



B.3. Flash tank model: CONFIDENTIAL
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Figure B.5: Temperature profile in the Desorber during startup and steady state operation as predicted by the model matches
well with the MiniDAC experimental results

• H: As vapour in bottom stage reaches its maximum holdup in bottom stage it starts to overflow to
top stage (same as point B).

• I: As liquid in bottom stage reaches its maximum holdup it starts overflowing out back to sump.

The model predicts the temperature rise in the desorber as a function of parameters explained in 3.1.3.
Themodelled temperature profile in the desorber matches well the experimental results on theMiniDAC
test setup as shown in Figure[B.5] below:

B.3. Flash tank model:
The working of the flash tank model has been described in 3.8. The output the flash tank generates
is the flash tank pressure which is calculated by assuming ideal gas behaviour in the flash tank. For
this calculation, flash tank gas volume which is calculated as the difference of total flash tank volume
to total volume of liquid which enters the flash tank. Further, the flash tank liquid volume is maintained
between a certain threshold which can be controlled by activating flash tank liquid outlet using level
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B.4. Integrated DAC+FM system model: CONFIDENTIAL
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Figure B.6: As H2O production from DAC increases the liquid level in flash tank starts to increase and consequently the gas
volume decreases. This gas volume is used for calculating pressure in the flash tank

sensor in the flash tank.

Figure[B.6] shows how the flash tank gas volume varies with DAC production.

B.4. Integrated DAC+FM system model:
The results of pressure fluctuation in flash tank for the integrated DAC+FM system model is shown in
Figure[B.7] and [B.8]below.

Figure B.7: Flash tank pressure fluctuation with flash tank pressure control 5.3.2 implemented in the mode. The pressure
fluctuation is within target of ±5mbar relative to atmospheric pressure. The highlighted region is zoomed in Figure[B.8] below
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B.4. Integrated DAC+FM system model: CONFIDENTIAL

Figure B.8: Zoomed in version of Figure[B.7] showing pressure fluctuation. The PID controlled compressor and bypass valve
operate in conjunction to keep pressure within desired limit value
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C
Appendix: Relevant Theory

C.1. Maximum H2O content for compression system:
C.1.1. Hydrate formation prevention:

Figure C.1: CO2 hydrate equilibrium at fixed water content [62]

C.2. System Performance Parameters:

C.2.1. DAC desorber pressure:
System pressure determines the VLE conditions in the desorber. Previous work at ZEF [57],[27],
showed that by increasing the system pressure the top ratio and energy requirement of the DAC sys-
tem can be improved at fixed desorber temperature. However, for as per ZEF’s requirement the target
is to operate the desorber at atmospheric pressure in-order to simplify the overall system and reduce
the failure points in the system.

However, for ZEF DAC system, target is to operate at atmospheric pressure. Operating at atmospheric
pressure simplifies the entire system as it eliminates the requirement of pumps and valves to maintain
high pressure in the system; thereby reducing the failure points in the DAC system.

C.2.2. Desorber feed temperature:
Feed inlet temperature directly affects the reboiler power required to heat up the feed to desorption
temperature C.3.
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C.2. System Performance Parameters: CONFIDENTIAL

Figure C.2: Increasing the system pressure reduces the (a) energy requirement and improves the (b) Top ratio at the DAC
outlet for fixed sorbent loading,feed flow and reflux [57]

Figure C.3: As feed inlet temperature increases the reboiler power required to heat up the desorber to target temperature goes
down

C.2.3. Desorber temperature:
Desorption of CO2 and H2O from the sorbent is favourable at higher temperatures. Previous work by
Dubhashi et.al, [27] has showed that higher desorber temperatures, lower lean loadings are possible
at lower holdup time.
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C.3. Operational Scenarios: CONFIDENTIAL

Figure C.4: Increasing the desorber temperature reduces the holdup time required to achieve particular lean loading in the
desorber [27]

C.2.4. Flash tank volume:
Volume of flash tank is inversely related to the pressure fluctuation in flash tank, i.e., higher the volume
lower the pressure fluctuation. Figure[C.5] shows the pressure fluctuation in the flash tank for same
DAC output and flash tank pressure control with different flash tank volume.

Figure C.5: Pressure fluctuation increases as for lower flash tank volume. The graph shows pressure fluctuation in flash tank
with same DAC output and pressure control with only flash tank volume changed. For lowest Vflash=100ml, fluctuation

observed is highest.

C.2.5. Flash tank temperature:
At higher temperature, the fraction of H2O in the vapour phase is higher and vice-versa.

C.3. Operational Scenarios:
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C.3. Operational Scenarios: CONFIDENTIAL

Figure C.6: Fraction of water in vapour phase in the flash tank increases with flash tank temperature and vice-versa

C.3.1. High Production/Ramp-up:

High output/ramp-up of DAC production can take place in case of following condition. The same is also
shown in Figure[C.7]

• High humidity: With increase in absolute humidity, the H2O loading in the sorbent increases
(5.2). This will result in higher water output from the desorber.

• Low ambient temperature: At low ambient temperature, the CO2 loading in the sorbent in-
creases(5.1). This will result in higher CO2 production from desorber.

• High mass flow rate: With desorber operating at constant temperature, increasing the feed flow
to the desorber will increase the net production of CO2 and H2O from the desorber.

• Desorber temperature/Heat Input: Increase in heat input/desorber temperature at constant feed
flow, will increase the desorption of CO2 and H2O and will increase the net production from the
desorber.

C.3.2. Low Production/Ramp-down:

Low output/ramp-down of DAC production can take place in case of following condition. The same is
also shown in Figure[C.8]
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Figure C.7: External disturbance like High humidity, low ambient temperature will result in higher rich H2O and CO2 loading in
the sorbent which will result in higher desorber output. Similarly, increase in sorbent feed to the desorber and/or heat

input/desorber temperature will also increase the desorber output.

Figure C.8: External disturbance low humidity, high ambient temperature will result in lower rich H2O and CO2 loading in the
sorbent which will result in lower desorber output. Similarly, lowering sorbent feed to the desorber and/or heat input/desorber

temperature will also lower the desorber output.

C.4. Types of Controllers:
Different types of controls are available to maintain process variables at their target set points. Some
of the most commonly used controllers are mentioned below [55]:

• Proportional (P) Control: It is the simplest form of control where the control action acting on the
process/manipulated variable is proportional to the error signal. The major drawback of this type
of controller is the its inability to achieve zero steady state error.

• Proportional and Integral (PI) Control: In addition to the proportional control, an additional
integral control acts on the sum or integration of the error signal and reduces the steady state
error. However, PI controllers are prone to induce oscillations in the system response.

• Proportional, Integral and Derivative (PID) controller: In addition of proportional and integral
control and additional derivative controller is introduced. The derivative control acts on the rate of
change of error signal and improves the transient response. PID controller gives the most stable
control response, however they are more complicated to calibrate.
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C.5. DAC Top Ratio Control:
As mentioned in 1.1, one of the requirements of DAC production is to have H2O and CO2 produced
in the ratio 3:1. However as shown in Figure[7.1], even ≈ 10% change in water loading can result in
≈30% change in water production from DAC. Hence it becomes essential to control the top ratio (ratio
of H2O and CO2) at DAC outlet.

For high water loadings, where top ratio exceeds the target of 3:1, the ratio can be varied by reducing
the desorber temperature. This will reduce the vapour pressure of water and ensure that Top ratio of
3:1 is achieved.

For this a control scheme, which alters the reboiler temperature set point based on top ratio at DAC
outlet was implemented and validated in the system model developed for this work. Figure[C.9] shows
the effect of implementing the control on the DAC outlet for operation at humidity condition of ≈ 0.01
kg/m3 absolute humidity at water loading of 47.5mol H2O/kg TEPA. With top ratio control, the ratio of
H2O and CO2 at DAC outlet is maintained at ≈3, which is the target level.

Figure C.9: With Top ratio control implemented, ratio of H2O and CO2 at DAC outlet is maintained at ≈3

Limitations: The current control has its limitation as well.

• Figure[C.10] shows the impact of top ratio control in humidity condition of 0.02kg/m3 and water
loading of 79 mol H2O/kg TEPA. Although top ratio control improves the outlet top ratio, it is still
higher than target value.
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Figure C.10: With Top ratio control implemented, ratio of H2O and CO2 at DAC outlet is improved but is still higher than target
value
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• Figure[C.11] shows the DAC operation under low humidity (≈0.008kg/m3) and low water loading
condition (14.56mol H2O/kg TEPA). As top ratio is lower than 3, the control scheme is not effective
as maximum reboiler temperature set point is 120oC, which is not sufficient to get top ratio of 3:1
at the given loading condition.

Figure C.11: Even with Top ratio control implemented, ratio of H2O and CO2 at DAC outlet is less than target as maximum
reboiler temperature set point is 120oC and at this temperature not sufficient H2O is produced at low H2O loading in the

sorbent (14.56 mol H2O/kg TEPA)
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